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Abstract
Abstract
M agnetic Resonance Imaging, M RI, flow  m apping experiments were designed, 
developed and tested to investigate flow  patterns w ithin deform ed drops o f  non- 
N ew tonian polydim ethylsiloxane PDM S relaxing to equilibrium  shape. The drops 
have a density o f  approxim ately 0.97 g/m l and were m ade neutrally buoyant in a 
N ew tonian solution o f  deuterium  oxide and deuterated m ethanol to m atch the same 
density. The latter was adjustable depending on the position the drop was required to 
be in w ithin the solution (e.g. h igh up or at the bottom ). The drops were deform ed 
using gravitational, rotational and reciprocating forces using specially designed 
electro-m echanical kits. The drops were typically 5m m  average diam eter and typical 
velocities were lm m /s. Drops have a range o f  viscosities that fall betw een lOOOcSt 
and lOOOOcSt and average m olecular weights o f  28000g/m ole and 35000g/m ole 
respectively. They were tested w ith and w ithout the addition o f  three different 
surfactant (i.e. Octaethylene glycol m onododecyl ether CasHsgOg) concentrations.
Three M RI flow  data sets were obtained in  the form  o f  velocity maps. The first and 
second sets were acquired ju st after drop deform ation. The relaxation was recorded in 
the required plane using a Fast Low  Angle Shot (FLASH) flow  acquisition program. 
For each drop a m ovie o f  ten  flow  patterns im ages, w ith an average o f  3s to 9s in 
betw een each image was created to m onitor the relaxation process. The results were 
com pared to learn about the effect o f  viscosity and surfactant concentration on drops’ 
behaviour. The third data set w as acquired during the deform ation o f  drops, using a 
reciprocating force. The deform ation was recorded using a gated Pulsed Gradients 
Spin-Echo (PGSE) flow  m easurem ent acquisition program. For each drop flow  
patterns were form ed at six different positions o f  the reciprocal drop deform ation 
cycle. Both velocity acquisition program s were based on a Phase Contrast PC velocity 
m easurem ent concept.
These resultant flow  patterns allowed us to look non-destructively at the internal flow 
o f  deform ed drops, showing flow  activities in real time. These constructed flow  
patterns dem onstrated a w ide range o f  responses, which substantially contributed to 
drop deform ation studies and provided access to unique and rich  inform ation that until 
now  was not accessible. The m ethod offers data w hich will ultim ately contribute to 
the on going theoretical efforts to understand and predict, hence control and improve, 
the drop’s m aterial properties world-w ide.
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Chapter 1 Introduction
1 INTRODUCTION
This thesis is a detailed account o f  the endeavours to visualise, quantify and 
understand flow  patterns in polydim ethylsiloxane PDM S liquid polym er drops as they 
deform  and relax. This has been achieved by em ploying a com bination o f  M agnetic 
Resonance Im aging M RI techniques w ith a com bination o f  m echanical schemes 
devised to deform  the drops, chapter three. U nlike a N ew tonian liquid such as water, 
PDM S is a  non-N ew tonian viscoelastic liquid that under applied stress does not have 
a  linearly proportional relationship betw een this stress and the resultant strain rate3. 
The PDM S drops were placed in a N ew tonian phase o f  deuterated m ethanol and 
deuterated water. They were deform ed by applying gravitational, rotary or reciprocal 
forces. After, and in some cases during the application o f  these forces, the local liquid 
velocity was m apped using M RI flow  techniques. A  range o f  drops w ith  different 
viscosities (with and w ithout the addition o f  surfactant) was deployed to learn m ore 
about the effect o f  surfactant on the resultant flow  patterns, Appendix I.
The process o f  deform ing liquid drops, using external forces and observing the 
outcome, is ju s t one o f  m any ways to study polym er drops’ rheology, A ppendix I. The 
response o f  drops to forces has been, and rem ains, a source o f  curiosity to scientists 
due to its com plex nature. Taylor described the m athem atical problem  o f  drop 
deform ation in his pioneering w ork in 1932 that w ill be discussed in detail later on, as 
being ‘insuperable’ 4. He related the com plexity o f the problem  to the fact-that the 
drop’s definite boundaries are unknow n i.e. the drop has ‘free boundaries’, and to the 
com plex effect o f the com bined action o f  viscous forces and surface tension, 
Appendix I. The com plexity o f  the process, particularly when using non-N ew tonian 
liquids is also due to the fact that viscosity and interfacial tension (especially in the 
presence o f  surfactant) are both function o f  the shear rate resulting from  the applied 
forces 5.
1.1 Brief History of Drop Deformation Experiments
Drop deform ation has evidentially been a long-standing problem  that captured 
scientists’ curiosity. P a rn e ll6, started an experim ent in 1927 where a container w ith a 
hole at the bottom  was filled w ith ‘p itch’ o f  very high viscosity. This was warm ed and 
left to leak in the form o f  drops. Each drop takes an average o f  eight years to form.
4
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They are still falling . This experim ent is still giving inform ation about the dynamic 
response to gravity o f  the pitch while other factors such as tem perature and pressure 
are kept reasonably constant. This long-standing problem  is contributing to the 
advancem ent o f  knowledge in this field and is providing a clearer realisation o f  the 
diverse challenges it offers. It is w orth m entioning that Oxford U niversity Press1 
launched a new  journal called ‘Interfaces and Free Boundaries’ in 1999 that is 
dedicated to the m athem atical m odelling, analysis and com putation o f  interfaces and 
free boundary problem s in all areas where such phenom ena are pertinent 7, such as 
drop deformation.
The clues that drop deform ation reveal about a m aterial’s properties are very useful 
and provide invaluable insight into understanding, and hence controlling, the 
m aterial’s behaviour. The m ixing o f  two or m ore polym ers for instance is a com m on 
practice in industry because it produces a blend w ith enhanced properties 8. So related 
industries such as chemical extraction, em ulsification and spraying have invested a 
great deal o f financial resources to advance research in this area. For such industries, 
better understanding o f  drop deform ation m eans better m anagem ent o f  their industrial 
applications that serve and m axim ise the overall enterprise efficiency 9.
Carr e t  a l  10 for exam ple reported ongoing research to develop a m odel textile ink by 
studying drop flow  behaviour. These drops are norm ally dispatched from  a special 
textile in k je t printing nozzle and consist o f  dye pigm ents approxim ately 20nm  in size 
encapsulated in polym er blends. Other agents were also added such as surfactant 
com pounds and flow  aided agents as they can change the m aterials interfacial 
tension11 and can increase dispatching flow  efficiency due to the nature o f  their 
structure. Their approach was based on the fact that understanding the nature o f  the 
interaction betw een drops and the printing dom ain should lead to better understanding 
o f the fundam entals affecting the resultant im age quality. Their initial aim  was to 
control the dispatching o f  drops on such a m iniature scale by studying the effect o f  the 
applied shear forces that releases them  from  the specially designed nozzles on the 
drops’ particle flow  distribution. Some o f  the difficulties faced relate to keeping the 
encapsulation o f the colloidal polym erisation stable while trying to reduce the drop to 
sm aller sizes. M onitoring the drops’ responses using Scanning Electron M icroscopy 
(SEM ), an electronic gun that scans the sample and leads to constructing 3-D images
t  Oxford University Press is no longer the publisher of Interfaces and Free Boundaries. The 
journal is now handled by the European Mathematical Society Publishing House .________ Uni 5
at a resolution o f  5 nanom etres, has helped in extracting inform ation about the change 
in a  drop’s outline before and after deform ation and dispersion. The finding from  this 
initial research has led to the preparation o f  drops w ith properties that are nearer to the 
ideal required response. The efforts to perfect encapsulation o f  the ink m aterials and 
the understanding o f  the interaction o f  the dispatched drops w ith the printing dom ain 
are still ongoing 10.
The im portance o f  the theoretical and experim ental work relating to drop deform ation 
is not recent. Back in 1932 Taylor 4 published his seminal theoretical w ork in this 
field where he first looked at drop deform ation as a follow  up to E instein’s work on 
solid spheres suspended in viscous liquids. He extended E instein’s theoretical w ork 
by replacing solids w ith suspended liquid drops. He then realised that the key to 
expanding the related theoretical knowledge, hence understanding and predicting 
liquid drop deform ation, lies in conducting experiments involving the deform ation 
and bursting o f  these drops. In 1934 he reported his original experim ental results after 
deform ing a single drop using shear forces. During the deform ation Taylor 
photographed the drops, m easured factors such as interfacial tension o f  the two 
liquids, their viscosities and the rate o f  drop deform ation and then com pared the drops 
behaviour for both techniques using a range o f  viscosities 4. Based on these findings 
Taylor com pared the results w ith  his first order m athem atical calculations that linked 
surface tension, viscosity and drop radius w ith the strength and type o f  the flow. A 
m ajor finding was that the higher the degree o f  deform ation the further the results 
deviate from  his predictions 43.
Since this pioneering work, m uch research has been conducted in both experim ental12' 
14 and theoretical 15,16 fields. Theoreticians use different m ethods to m odel, simulate 
and predict drop deform ation. W ork in this field emerged and started to develop about 
forty years ago w hen the first com puter sim ulation o f  liquid was carried out 17. Toose 
e t  a l 18 were am ongst the first to m odel a  non-N ew tonian drop in a N ew tonian m atrix 
as is the case in this work using a sim ulation m ethod called Boundary Elem ent 
M ethod (BEM). Prom ising m ethods like finite elem ent and integral m ethods have 
rapidly evolved in the last three decades. O ther methods such as Eulerian and 
Lagrangian appear to be m ore powerful tools, specially in analysing m ultiphase
Chapter 1 &S®* Introduction
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phenom ena 5 . Nonetheless it is still reasonable to say that a lot o f  inform ation, such
and com pared them  w ith his num erical predictions. By doing this he built on Taylor’s 
w ork and m ade a successful attem pt to unify all theories available at that tim e 
predicting velocity, flow  and stress-strain relationships resulting from  drop 
deform ation and relaxation 5. In 1986 Leal 12 and later in 1994 Delaby 21 did sim ilar 
w ork building on these research findings. Sim ilar research w ork took place
99  O'X
elsewhere ’ . H ow ever as Guido e t  a l  stated there are ‘relatively lim ited num ber o f  
detailed experim ental observations and exact m athem atical results have been
9 9
obtained’ and unlike Taylor’s w ork a lot o f  these later experim ents are for micro- 
drop (e.g. in the order o f  few  hundreds o f  m icrom eters) deformation.
From  a technical point o f  view  the vast m ajority o f  experim ental techniques used so 
far to extract inform ation are optically based and m ainly capture the deform ed drops’ 
outline. For m acro-drops, m illim etres in size, experim entalists m ostly use techniques 
that are based on photography and video im aging 24,25. These techniques are not 
suitable for m icro-drops m icrom eters or nanom etres in size because they cannot offer 
enough optical resolution. Experim entalists resort to techniques such as optical 
m icroscopy 21, Scanning Electron M icroscopy (SEM) 10 and Laser Doppler
Oft
A nem om etry (LDA) that are capable o f  providing the needed resolution at such a 
small scale. It is very hard to detect w hat is happening to drops after or during 
deform ation in real tim e using these techniques. Therefore the sample is norm ally 
quenched i.e. frozen using various m ethods, w hich preserve its state at the tim e o f  
quenching so it can be investigated. A lm ost all o f  these techniques have only 
succeeded to provide data about drop’s outer surface outline or shape 14,26,27, except in 
some flow  m easurem ents cases w hen tracers were used 28,29. Even then  only flow  
patterns at the surface can be seen and details o f  the flow patterns inside the drop are 
still inaccessible. Therefore m ost studies predict inner velocity profiles instead o f  
m easuring them  14,3°. But m aking assum ptions to predict a deform ed drop dom ain 
w ith com plex flow  patterns has been and still is a quite difficult task especially if  
severe deform ations are applied using com plex forces. Adding surfactant m akes the 
process even m ore challenging 4.
as drop break up in turbulent flow  is still poorly understood 16,19
Rallison was one o f  the few  who has studied existing experim ental results (Torza 20)
7
1.2 MRI Measurements of Drop Deformation
It is now  been more than fifty years since N uclear M agnetic Resonance (NM R) as a 
phenom enon was o b se rv ed ,31’32, also discussed in  chapter two. M RI w hich stemmed 
from  N M R  has been established as a non-destructive im aging technique that am ongst 
m any other functions has provided accurate real-tim e velocity m aps during real tim e 
flow  induced by applying shear and other forces 33-35. W hen this research w ork started 
there was no w ork on deform ed drops using N M R / M RI. Since then only Han e t  a l  at 
the A achen group in G erm any have m anaged to quantify and visualise flow  patterns 
o f falling drops o f  w ater using M RI. The group dem onstrated the technique’s ability 
to quantify, hence visualise flow  patterns for freely falling drops instead o f  ju st 
predicting them  at high speeds (e.g. 2m/s). They succeeded in that by acquiring an 
accum ulation o f  M RI signals from  thousands o f  identical falling drops at an exact 
position over a long tim e then constructed their averaged velocity profile maps. The 
w ork presented in  this thesis is another application o f  visualising M RI flow  patterns 
for drops under the influence o f  various types o f  forces. Part o f  this w ork utilises the 
same acquisition technique used by the A achen group when dealing w ith ‘gated’ 
experim ents, chapter three. However, this research w ork is to the author’s knowledge, 
the first to attem pt to use a fast M RI quantifying technique that captures viscous and 
slow  non-N ew tonian m acro-drops velocity profile m aps (down to 230pm /sec), and 
flow  patterns in real tim e m ovie like sequential im aging (chapters four, five, six and 
seven).
As w ith any other m easuring technique M RI has its lim itations w hich come from the 
fact that the resulting M RI signal is actually superposed on unw anted inherent noise, 
chapter four. For instance, the signal from  each volum e elem ent in the sample reduces 
as the size o f  this elem ent decreases 37. The concept referred to as signal-to-noise
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(S/N) ratio quantifies such lim itation 5 . In addition to the above, lim itations also 
result from  the fact that the lower the velocity to be m easured, the higher the 
sensitivity o f  the m easuring system  needs to be. The increase o f  the sensitivity 
imposes challenging dem ands on the system ’s design and perform ance 2,37, chapter 
three. In spite o f  these demands spatial resolutions as low  as 20 pm  and velocities as 
low  as 10 pm /s have been achieved in  other M RI flow  applications 39. Factors such as 
T2 value and the m aterials used play an im portant role here i.e. the higher the better. 
Also the smaller the pixels size the less sensitive the system becom e to m easure
Chapter 1 *15®^' Introduction
Chapter 1 Introduction
velocity, chapter seven. In addition, sufficient contrast to distinguish the region o f
Even the highest S/N ratio does not guarantee a useful image i f  the contrast is too low. 
In our case this lim itation is m inim al, as there is one hom ogenous source for the 
acquired signal. In other cases where there are different sources, the ratio o f  Contrast
Challenges faced in this research w ere associated w ith the very slow  relaxation 
velocities o f  a  deform ed viscous drop, the relatively high spatial resolution required 
and the need to acquire several images w ithin the total relaxation tim e o f  the drop. 
This equates to a requirem ent for sensitivity to velocities o f  the order o f  300 
pm /second, spatial resolution o f  the order o f  200-250 pm  and a relaxation tim e o f  the 
order o f  1-10 seconds requiring im ages to be acquired in 0.1 to 1 second. Careful 
sample preparations and experim entation helped to achieve these using the developed 
techniques, chapters four, five, six and seven.
One aim  o f  the research was also set out to try and observe an im portant natural 
phenom enon called The M arangoni effect 40'42. This effect causes stresses that 
transport liquid and change the predicted course o f response to applied deform ation 
forces. It norm ally occurs in the presence o f  disturbances in the interfacial tension 
betw een drops and the surrounding. Surfactant addition can cause such disturbances 
and leads to redistribution o f  the drop surface concentration profile and its 
deform ation profile 43. In the w ork to be described, the effect o f  surfactant was quite 
evident but observing the M arangoni effect turned out to be too challenging in this 
case. M ore details regarding this can be found in the conclusion in chapter eight and a 
m ore detailed explanation for the above and other encountered lim itations and 
challenges can be found in chapters three, four, five, six and seven.
1.3 Drop Deformation Techniques
In general, to deform  drops and study them  there are several techniques and 
m echanism s such as ‘Four ro ller’ and ‘Parallel band’ m echanism s used by Taylor 44, 
figure (1.1). N ow adays m ost experim entalists use sim ilar but m ore sophisticated 
devices such as a rotating Couette designed by De Haase 45, a  com puter controlled
interest from  the surroundings is another issue that m ay lim it M RI flow  visualisation.
to N oise (CNR) becom es a crucial factor in  determ ining im age quality 2. M ore 
lim itations such as susceptibility w ill be discussed in m ore detail, chapter two and 
eight.
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four- roll m ill designed by Bentley 12 and com puter controlled parallel plate 
techniques used by Levitt 27. These m echanism s were and still are m ainly used to 
generate uniaxial stretching and shear stresses to deform  drops in a  m easured and 
controlled way. O ther techniques sim ply use gravity 24. In our research two designs 
were devised to apply various drop deform ations. One has a  concentric rotor that 
deforms the drop by rotation and the other has a  reciprocal dipper that deform s it by 
piercing or by lifting it then leaving it to fall, chapter three. To the author’s knowledge 
there are no experim ents to date that have used the sam e designs in M RI 
investigations, to deform  and study drops.
£5
\
@
Figure (1.1) Simple sketch of Four roller (left) and Parallel band (right) mechanisms used by 
Taylor to deform drops (redrawn from 44).
As discussed the problem  o f  drop deform ation imposes several challenges to the 
s c ie n tis t36. One o f  these m ajor challenges is the ability to access and utilise crucial 
inform ation such as flow  patterns. W e propose that the new  contribution o f  this 
research m ainly stems from  the uniqueness o f  the accessibility and m easure o f  a 
deform ed drop’s flow  patterns resulting from  the use o f  the new ly developed and 
pow erful M RI flow  m easuring techniques in com bination w ith the new ly developed 
drop deform ation techniques.
1.4 Thesis Scope
This thesis covers the detailed account o f  a  new  M RI flow visualisation system  that 
was devised to produce and quantify velocity m aps o f deform ed and relaxing viscous 
non-N ew tonian drops which could be constructed to form  two-dim ensional flow  
patterns non-invasively and in  real time. It starts by covering the m ajor aspects o f  
N M R  and M RI theories in c h a p te r  tw o and the listing o f  the m ajor events that took 
place since the discovery o f  the N M R  phenom enon to date. Then it deals with the 
basics o f  the N M R  phenom enon itse lf w ith  the principles o f  acquisition and detection 
o f  the N M R  signal during the deform ation and relaxation o f  drops. After that it
Chapter 1 Introduction
highlights the developed com bination o f  techniques used to extract this signal that 
leads to the construction o f  the sought drop flow  patterns. The details o f  the newly 
designed and built instrum entation are then m entioned in chapter three. This chapter 
also describes the hardw are and software developed and used for the research and it 
explains the role o f  each in the process o f  reaching the desired outcom e. Chapter 
four then details the experiments designed and executed to validate the devised 
m ethod and test its efficiency. The chapter demonstrates the system ’s validity to 
conduct M RI flow  m easurem ent experim ents and presents the latter by first 
explaining the theory behind the settings then by showing how  the calculated 
predictions correlate w ith M RI flow  results.
Chapter five presents and analyses the first o f  the three m ajor experim ents, which 
uses gravity to deform  the PDMS drops. It stalls by showing how  the range o f  these 
drops’ viscosities was selected for investigation then how  the resulting velocity m aps 
were produced and refined from  the persisting noise and artefacts. Then it presents 
and explains the resulting flow  patterns and compares these findings w ith relevant 
literature. Chapter six presents and analyses the second experim ent where several 
PDMS drops were deform ed to exam ine their relaxation response using rotary force. 
It identifies the range o f  PDMS drops that was applicable for this experiment. Then it 
explains and analyses the data produced from  PDMS drops w ith a  suitable range o f 
viscosities w ith and without surfactant presence and it com pares these findings w ith 
the relevant literature. Chapter seven contains the details o f  the third and last MRI 
flow experim ent where drops were pierced w ith  a dipper continuously m oving in a 
reciprocal m anner while the drops velocity m aps were extracted at several positions in 
the reciprocal cycle. A  discussion and a conclusion o f  the findings w ith the relevant 
literature is included towards the end o f  the chapter. Chapter eight brings the thesis 
to a close w ith a summary and perform ance evaluation o f  the preparation and 
experim ental w ork carried out. Then it highlights the outcom e o f  the research in the 
light o f  the results. A t the end suggestions for future work are presented based on the 
existing findings and analysis.
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2 NMR/ MRI AND FLOW MEASUREMENT THEORY
T h is  c h a p te r  a im s  to  c o v e r  th e  m a jo r  a s p e c ts  o f  N M R  a n d  M R I  th e o r ie s . F i r s t  a  tim e  
lin e  o f  N M R  a n d  M R I  is  d r a w n  c o v e r in g  th e  m a jo r  e v e n ts  th a t  to o k  p la c e  f o l lo w in g  
th e  d is c o v e r y  o f  th e  N M R  p h e n o m e n o n , th ro u g h  to  M R I, a n d  s p a t ia l ly  r e s o lv e d  
d iffu s io n  a n d  f l o w  m e a su re m e n t. S e c o n d , th e  b a s ic  N M R  p h e n o m e n o n  is  e x p la in e d ,  
h ig h lig h tin g  i t  f r o m  b o th  th e  s e m i- c la s s ic a l  a n d  th e  c la s s ic a l  p o in t s  o f  v ie w , th en  
e x p la in in g  m a th e m a tic a lly  th e  p r in c ip le s  o f  a c q u is i t io n  a n d  d e te c t io n  o f  th e  r e s u l t in g  
N M R  s ig n a l. T h ird , th e  m a in  d if fe r e n t te c h n iq u e s  a n d  im a g in g  s e q u e n c e s  u s e d  to  
e x tr a c t  th is  s ig n a l  a r e  b r ie f ly  d e s c r ib e d . L a s tly , f l o w  m e a s u r e m e n t is  in tr o d u c e d  a s  th e  
m a in  a p p l ic a t io n  u s e d  in  th is  p r o j e c t  in  a d d i t io n  to  o th e r  d if fe r e n t ty p e s  o f  u se fu l  
in fo r m a tio n  th a t c a n  b e  e x tr a c te d  u s in g  N M R  a n d  M R I.
2.1 History of Nuclear Magnetic Resonance Imaging
2.1.1 NMR Phenomenon
® 1937 - Rabi was able to observe resonance experim entally and m easure the
N uclear M agnetic M oment. Interestingly enough, at the tim e Rabi observed the 
phenom enon, he considered it to be an artefact from  his apparatus and disregarded 
its im portance 46.
® (1857-1942) - Larm or was the first to explain the splitting o f  spectral lines by a
m agnetic field (the norm al Zeem an effect). The Larm or frequency and the Larm or 
equation were nam ed after him.
• 1942 - The term  ‘N uclear M agnetic R esonance’ first appeared in a  paper written
by Gorter. He attributed the coining o f  the phrase to R a b i46.
® 1944 - Rabi was awarded the N obel Prize for Physics, for his invention o f  the
atom ic and m olecular beam  m agnetic resonance m ethods, o f  observing the atomic 
spectrum  47.
® 1945 Bloem bergen, Purcell and Pound devised a theory that showed how  the rate
o f  spins fluctuations relates to tim e re lax a tio n 37.
® 1946 - Bloch, from  Stanford U niversity and Purcell from  H arvard University
discovered the N M R  Phenom ena independently in condensed m atter. They 
successfully observed the RF energy absorption o f  w ater and paraffin samples 
respectively, and explained m any o f  the experim ental and theoretical details, that 
are still in  use to d a y 31,32.
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•  1952 - B loch and Purcell were both awarded the Nobel Prize in Physics 48.
2.1.2 NMR Diffusion and Flow
© 1950 -  Hahn introduced Spin-Echoes in a  seminal paper published in Physical
R eview  Jo u rn a l49.
® 1954 - Carr and Purcell designed and utilised a technique that m easures diffusion
and f lo w 50,5l .
® 1959 - Singer detected flow  indirectly by continuously tagging fully relaxed spins
entering the sensitive area where flow  is being d e tec ted 52.
•  1960 - H ahn detected sea w ater m otion by nuclear p recession53.
• 1965 - Stejskal and Tanner noticed that diffusion leads to a  tim e and space 
dependent phase shift in  transverse m agnetisation and introduced a pulse sequence 
m aking use o f  this f a c t54.
•  1967 - A  Patent for a w hole-body N M R  m achine to m easure blood flow  in the 
hum an body w as filed by Ganssen. This m achine was designed to m easure the 
N M R  signal o f  flowing blood in different locations o f  a vessel, w ith a series o f 
small coils, allowing calculation o f  the blood flow  within that v e s se l46.
•  1971 and 1974 Grover and Singer applied gradients in  flow  direction and the 
m ultiple spin-echo signals were Fourier transform ed to give a plot o f  the 
distribution o f  flow  velocities.
2.1.3 NMR Imaging and Pulse Sequences
• 1973 - M ansfield and his collaborator Grannell in U niversity o f  Nottigham  
presented a one-dim ensional interferogram  to a resolution better than 1 mm. One 
year later, Garroway and M ansfield filed a patent and published a paper on image 
form ation by NM R.
•  1973 - Lauterbur in  the State U niversity o f  N ew  York at Stony Brook had the idea 
o f  applying m agnetic field gradients in all dimensions and the use o f 
Com puterised Axial Tom ography (CAT) scan back-projection technique to create 
N M R  images. He published the first images o f  two tubes o f  w ater in  M arch 1973 
in the journal Nature. Lauterbur called his im aging m ethod zeugm atography, a 
term  which was later replaced by (N) M R im aging 46.
•  1974 - Ernst realised that instead o f  Lauterbur's back-projection one could use 
switched m agnetic field g rad ien ts 'in  the tim e domain. This led to the 1975
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publication, 'NM R Fourier Zeugm atography' by Kum ar, W elti, and Ernst and led 
to the basic reconstruction m ethod for M R  im aging today 55.
•  1974 - M allard, Hutchison, Edelstein, coll and Foster developed the spin-warp
technique.
• 1977 - M ansfield’s group proposed Echo-Planar Im aging (EPI) and Rapid
Imaging, w hich originated in  European laboratories.
•  1982 - M oran suggested the introduction o f  bipolar velocity phase encoding pulses 
to the three axes o f  standard spin-echo pulses as has been used in this project
•  1986 - Hennig, together w ith N auerth and Friedburg, from  the University o f  
Freiburg introduced Rapid A cquisition w ith Relaxation Enhancem ent (RARE)
46im aging .
•  1986 - Fast Low  Angle Shot (FLASH) appeared, opening the w ay to sim ilar 
gradient-echo sequences. Haase, Frahm, M atthaei, Hanicke, and M erboldt 
developed this sequence at M ax-Planck-Institute, Gottingen. FLA SH was very 
rapidly adopted comm ercially. RA RE was slow er to be established, and Echo- 
Planar Im aging (EPI) - for technical reasons - took even m ore tim e 46.
• 1989 - D um oulin used 2D and 3D Phase Contrast (PC) and classified the
technique as: in-plane PC, where th in  slices are investigated, and projective PC,
where large volum es are investigated 57.
•  1991- Ernst w on a N obel Prize for his contribution to the field.
•  2003 - Both Lauterbur and M ansfield w on a Nobel Prize for their crucial 
contribution to M agnetic Resonance Imaging.
w ork56.
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2.2 Semi-Classical Representation of NMR Theory (Energy Level)
2.2.1 Proton and NMR
The Hydrogen nucleus consists o f a  single proton, which can be described as a 
spinning charge. Its spin is defined by a quantum  value called the quantum  num ber I 
which equals Vi. It is associated w ith the total angular m om entum  J according to,
l=nFRTv),p . ] ]
where h  is P lanck’s constant h  divided by 2je. These spinning protons act like m ini­
m agnets (m agnetic-dipoles) pointing in different directions but w ith zero net 
m agnetisation, figure (2 .1 ).
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Figure (2.1) Sketch of hydrogen atoms represented by mini-magnets (arrowhead is north). Net 
magnetisation is zero because magnets point in random directions.
From  the theory o f  quantum  m echanics, w hen a proton is placed in  a  strong static 
m agnetic field -which is defined in the z direction as Bz - it can only assum e two 
discrete orientations w ithin that field because its m agnetic quantum  num ber m z the z 
com ponent o f  I equals only ± V i, figure (2.2). These num bers can be found by using 
this sim ple equation:
m z = I, (1 -1 )......- ( I - l) ,- I . [2.2]
The z subscript relates to the z-axis, w hich is conventionally the direction o f  the 
applied m agnetic field. The length o f  its angular m om entum  vector can be found from  
the equation [2 .1 ] but the only quantifiable com ponent o f  its angular m om entum  can 
be calculated using this equation:
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Likewise its m agnetic m om ent ji can only be know n in the z directions and it is equal 
to
p, z — y Jz , [2.4]
where y is the gyrom agnetic ratio, a  quantity specific to a  given type o f  nucleus.
The two orientations assum ed by an ensem ble o f  proton dipoles placed in a strong 
m agnetic field rotate in a  cone pointing up in the same direction o f  the applied 
m agnetic field (with low  energy) or dow n opposite to it (with high energy). The 
dipoles becom e polarised w hile the field is on. The energy E at each o f  these levels 
can be found using the equation:
E = -g  . B,
E = -y m z h  B z, [2.5]
Because m z for protons equals ±V i as aforem entioned, E for protons,
E = ±  y h Bz/2, [2.6]
indicating the existence o f  these two states described above 58. It is evident from  the 
equation, that the stronger the field the w ider the gap betw een the energy levels.
A t room  tem perature there are m ore dipoles aligned in the sam e direction as the 
applied m agnetic field. These create net m agnetisation pointing parallel to the field. 
Transition betw een the two states can take place i f  energy AE = ±yhBz, is given to or 
taken aw ay from  protons in each state 2.
The dipoles precess due to the interaction o f  the torque on the spins im posed by the 
applied m agnetic field w ith their intrinsic angular m omentum . The precession 
frequency, w hich is called the Larm or frequency, is directly proportional to the 
m agnetic field strength. This relation is governed by the w ell-know n basic equation, 
the Larm or equation is
o = y B ,  [2.7]
where,
co is the  angu la r ve locity  o f  th e  d ipo les (rad /s) 
y is the  gy rom agnetic  ra tio  (rad /s.T )
B is the  s treng th  o f  th e  m ag n e tic  fie ld  (T).
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This Larm or equation can be deduced from  the energy equation [2.6] m entioned 
above where E^hyBz leading to E=h oo. The m agnet used in this project has a strength 
o f  9.4 Tesla. The gyrom agnetic ratio o f  the H ydrogen nucleus equals 267.5M rad/s.T, 
this is equal to around 42.6M Hz/Tesla. By m ultiplying B and y/2 n  values, one can 
calculate the Larm or frequency (co 12 n )  for protons in a sample placed in this m agnet, 
which is around 400M Hz.
2.2.2 The Source of the NMR Phenomenon
Purcell and B loch observed the source o f  the m agnetic resonance phenom enon using 
proton rich samples 31,32. They observed the absorption o f  radiofrequency (RF) energy
resulting from  the transition o f  spins betw een the energy levels m entioned earlier on, 
figure (2 .2 ).
Figure (2.2) a spin in the lower energy level absorbs the right quantity of energy hence moves to 
the higher level (top). Normally there are about 1 in every million spins in a typical sample that 
does the same. It is little but enough to notice the phenomenon. The graph below shows that this 
energy absorption happens, when the frequency of the transmitted radio frequency signal 
(energy source) equals the Larmor frequency i.e. Resonance frequency / 0.
Assum e that a signal w ith a  frequency identical to the Larmor frequency is transm itted 
towards the sample w ith energy equal AE=h oo. D uring this transm ission the dipoles in 
the lower energy level absorb the transm itted energy and m ove to the higher energy 
level. This o f  course reduces the net m agnetisation as the population difference in 
both energy levels reduces, equation [2.8]. W hen the irradiation stops, the spins return 
to therm al equilibrium  by the em ission o f  photons. How ever no signal is observed 
here because the spins are not precessing in phase. Their x and y components
Low er energy level
Higher energy level
/ 0= (00/2  71 Frequency
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(considering z to be the net m agnetisation conventional direction) precess at random  
directions. The alternate pulsed m ethod N M R  forces coherence onto precession spins 
and allows a current to be induced in  a  receiving coil leading a detected N M R  signal. 
Section 2.3.5 contains the details for this detection process.
The physical and chemical environm ent o f  the dipoles gently perturbs the applied 
field. Hence the frequency o f  precession is slightly m odified by the environm ent. This 
is the origin o f  the chemical shift and spin coupling exploited in N M R  spectroscopy 
revealing valuable inform ation about the m olecules in which these protons are 
embedded, section 2.5.4.
It is possible to calculate the value o f  the net m agnetisation quantitatively using the 
therm al equilibrium  distribution described by Boltzm ann, where,
n I— = e
AE
kRT = e
iMo
k„T
n„
[2.8]
nj, and nj are the num bers o f  protons at the lower and upper energy levels 
respectively. Icb is Boltzm ann constant (J/ICelvin) and T is the tem perature in  Kelvin. 
The net m agnetisation M  (or m agnetic m om ents per unit volum e) is the difference 
betw een the two distributions m ultiplied by the m agnetic m om ent,
M = (nT - n4) j [2.9]
N ote that nj + n ;=  n, the total num ber o f  nuclei. Com bining the two equations gives,
y 2 h 2 B 0
M  = k —  — , [2 . 1 0 ]
41cBT
in the high tem perature limit.
In norm al conditions around one in every m illion spins m akes this net m agnetisation 
M, w hich contributes to the detected signal m entioned above 2.
2.3 Classical Representation of NMR Theory
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2.3.1 Net Magnetisation
Looking at net m agnetisation M  m acroscopically, it is sensible to describe it as a 
m agnetic m oment vector standing in the applied magnetic field. Quantitatively it is 
convenient to describe it as the sum o f  the effective magnetic m om ents for all nuclei 
in the sample,
M  = £ g i. [2.11]
As described earlier, quantum  m echanic laws, dictate that only the com ponent o f  an 
individual m agnetic m om ent in the direction o f  the applied m agnetic field can be 
m easured. Considering equation [2.11] it is sensible to say that this also applies to M. 
figure (2.3).
Figure (2.3) Sketch describing macroscopically the net effective magnetisation M of a sample 
containing hydrogen placed in a strong magnetic field at thermal equilibrium.
According to the equation o f  m otion [2.12], the applied magnet im poses a torque G on 
the nuclei present in its field, sim ilar in nature to that imposed on a spin top spinning 
in a gravitational field . This torque is equal to the rate o f change in its angular 
m om entum  J. Also it is equal to the vector m ultiplication between the magnetic 
m om ent and the applied field, therefore,
G = ^ i  = u x B .  [2.12]
-  dt -
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But since jT^yJ, the m agnetic m om entum  rate o f  change is equal to,
d E dI  O
1T =7¥ =^ xB
[2.13]
Considering equations [2.9], [2.11] and [2.13] we can represent the rate o f  net 
m agnetisation as follows:
dM  dJ . . .  r o t / n
- =  =  Y - =  =  Y M x B ,  [2.14]
dt dt
This torque is the reason for the precession o f this vector about the applied m agnetic 
field w ith an angular velocity (frequency) given by the Larm or Equation [2.7], when 
M  is not aligned w ith B 37.
2.3.2 Radio Frequency RF Pulse and M
In m odern N M R / M RI experim ents a short Radio Frequency RF pulse is norm ally 
used to excite the sample and obtain a  N M R  signal. This pulse consists o f  an 
oscillatory m agnetic field o f  am plitude B i, transverse to the static m agnetic field BZ) 
oscillating at the same rate as that o f  the spins in the sample i.e. the Larm or frequency, 
applied for a  short duration relative to the detection time. The details o f  the nature o f 
this pulse can be found in section 2.4.2.2 and references 37,59. The spins respond to this 
pulse in  such a way as to cause the net m agnetisation vector to rotate about the 
direction o f  the applied Bi field. The rotation angle depends on the length o f  tim e the 
field is on and upon its m agnitude, as stated in  this equation:
a  =  ©i tp = y Bi tp, [2.15]
where,
a  = N et m agnetisation rotation (flip) angle, 
tp = D uration o f the pulse,
co i =  N et m agnetisation angular velocity about the pulse field.
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The behaviour o f  the net m agnetisation M  can still be presented using the equation o f  
m otion [2.14] and each o f  its com ponents can be described separately as follows:
dM - y  [M y Bz + M , B, sin (oo0 t)] [2.16]
dt
dM y _-  Y ["Mx B z + M z B, cos (co0 t)] [2.17]
dt
= y [-M. B, sin (a>0 t) -  M B, cos (co0 1)] [2.18]
dt y x
The solution for these equations under initial condition M  (t=0) = M 0 pointing in the z 
direction are as follows:
M x = M 0 sin (coj t) sin ( o 0 t) [2.19]
M y = M 0 sin (ooj t) cos (co0 t) [2.20]
M z = M 0 cos (cOj t) . [2.21]
in w hich cofi represents the flip angle a  m entioned earlier, equation [2.15].
2.3.3 Rotating Frame of Reference
W e have ju st looked at the behaviour o f  spins using what is know n as the laboratory 
frame o f  reference. It is convenient to define another frame called the rotating frame 
o f  reference, w hich rotates about the z axis at the Larm or frequency. It is 
distinguished from  the laboratory frame by prim es on the x and y axes, x' and y'. The 
net m agnetisation vector precessing about Bz at the Larm or frequency in the rotating 
frame appears stationary. In this project w e use different flip angles such as a  = 90° 
which rotate the net m agnetisation vector anti-clockwise by 90° from  the z axis to the 
x' or y' axes. A  90x° pulse rotates the equilibrium  m agnetisation dow n to the y' axis. In 
the laboratory fram e the equilibrium  m agnetisation spirals down around the z axis to 
the xy plane. In the rotating frame, w hen Bi is applied, the net m agnetisation M  looks 
as i f  it is tilting down in  an angle a  w ithout rotation 2. The rotating fram e sim plifies 
the m athem atical equations used to represent the behaviour o f  the system  as will be 
dem onstrated in the next section.
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2.3.4 Relaxation and Bloch Equations
The RF pulse disturbs the system ’s equilibrium . Subsequently the system  restores its 
equilibrium  state in a process called Relaxation. Using the equations o f  m otion in the 
laboratory fram e this restoration can be described as follows 60:
^  = T [ M yB , + M 2 B sin (co0t) ] - [2.22]
dt y T2
dM  M
— JL = Y [- M x Bz + M z Bj cos (co0t) ] - - * - ,  [2.23]
dt 1 2
^  = y [- M x B, cos (ffl0t) -  M y B sin (» .t) ]  - [2.24]
dt y Tj
Using the rotating fram e o f  reference these can be described as 37:
dM  (Q M  •
[2.25]
dt y y t 2
dM m M  ■
 y-  =  - y  M  ■ (Bz - + yM zB j , - - Z - ,  [2.26]
dt x " y * X
d M 7 _ . _  M 7 - M n
— 1 - y M . B ,  [2.27]
dt y x Tj
These equations are know n as B loch Equations.
The effective field here is Be/= (B Z- CG0/y)z+ B ix. The equations show that the M  relaxes 
exponentially w ith Ti and T2 being the relaxation tim e constants 60. H ow ever the 
equations also show that M x* and M y> com ponents relax differently w ith a different 
tim e constant, than the com ponent M z because according to quantum  m echanic laws 
these com ponents behave independently, figure (2.4). The relaxation tim e T i -also 
know n as the spin-lattice or longitudinal relaxation- tim e describes the lifetim e o f  the 
longitudinal com ponent o f  the net m agnetisation M z. It shows the tim e it takes the 
spins to exchange energy w ith the surrounding therm al reservoir know n as the lattice 
(hence the name). H ow ever T2 -also know n as the spin-spin or transverse relaxation 
tim e- describes the tim e it takes the spins -represented here by M x> and M y> - w ithin 
the system  to interact and exchange energy w ith each other. They return to therm al 
equilibrium  after destroying their phase coherence without any energy exchange w ith 
the surroundings (hence the name: spin-spin), figure (2.4).
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Figure (2.4) Sequential schematic figures showing the behaviour of the net magnetisation M 
using the rotating frame representation (top), (a) M before applying Blx, where it is still at 
thermal equilibrium, (b) Blx tips M to the y’ direction. Here M component Mxy  is at its highest 
as the graph below shows (blue) and Mz=0 (pink) (c) Spins representing the components Mxy  
start losing phase coherence and spins randomly in the x’y’ plane while Mz returning to the 
thermal equilibrium exponentially, (d) Spins continue losing coherence in the x’y’ plane and Mz 
continue recovering, (e) Mxy  components effect disappeared because their phase coherence is 
completely destroyed and Mz recovered to the thermal equilibrium again. Tj and T2 values are
materials dependent59.
Using the above equations it is possible to quantify the relaxation components 
following a 90° pulse in term s o f  Ti and T2 as a function o f time as follows 61:
Mz(t) = M 0 [1 -  exp ( -+ ) ] ,  [2.28]
M
Mx y (t) = Mx y (0) exp (-+ •), [2.29]
where M x*>y* are the x and y com ponents o f  M. These apply only for spins residing 
following a 90° pulse in rapidly m oving m olecules 17 or at least fairly m obile e.g. 
elastom ers, such as is the case in this project, section 2.5.5.
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2.3.5 Principle of NMR/ MRI Signal Detection Technique
W hen a RF pulse o f  90°x is applied, the net m agnetisation M  ‘flips’ down to the x y 
plane in the y direction. Im m ediately after the RF pulse, M  starts relaxing back until it 
returns to its original position, figure (2.4). I f  a coil is placed in such a w ay that its 
sym m etry axis is perpendicular to the field, the precessing m agnetisation induces a 
current in  it at the Larm or frequency, in the form  o f  a signal (or echo). This is possible 
because based on Faraday’s Law; the m agnetisation from  M  ‘cuts’ the wires o f  the 
coil and induces an Electrom agnetic Force (emf) proportional in frequency and 
m agnitude to the strength o f  the field. This signal gets sm aller and sm aller in an 
exponential fashion, figure (2.4), because the spins representing the net m agnetisation 
loses phase coherence.
To optim ise the detection process, m ost receivers m ix the output signal w ith a 
reference signal w ith a frequency fr varying slightly from the Larm or frequency i.e. a 
signal w ith an angular velocity oor. This process is referred to as H eterodyne 59. The 
output signal after the m ixing w ill have an angular velocity o f  Ago = oo 0- cor (where co0 
is the Larm or angular velocity), Typically the resulting signal is in the audio range 
w hich can be readily detected and stored. N orm ally two RF signals are used each 90 0 
out o f  phase from the other. These signals represent the m agnetisation com ponent M x 
(which is considered the real part o f  the signal) and M y (considered the im aginary part 
o f  the signal). Accordingly we can say that the resulting net m agnetisation is called 
the Transverse M agnetisation M l  and equal to,
where,
M 0 is the signal m agnetisation at t= 0 .
M l  w ill have a slightly different behaviour w hen cor is used instead o f  co0. This is 
controllable and can easily be done. N ote that the above is correct i f  Ti effects are
Free Induction Decay (FID) w hich w ill be explained in details in section 2.4.1.1. 
The H eterodyne signal detected is,
Mj_ = M x + iM y, [2.30]
[2.31]
ignored and the m agnetisation is left to freely induce m agnetisation, hence the name
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(j> is the absolute receiver phase and So is the signal amplitude im m ediately following 
the applied pulse.
2.4 NMR/MRI Techniques
N ow  that the N M R / M RI Physical principles have been covered, the focus w ill be 
shifted to the conventional and fast im aging techniques used to retrieve the required 
information. Generally M RI techniques can be defined as the fam ily o f  N M R  sub­
techniques, devised to provide spatially resolved inform ation about the sample under 
investigation. A M RI experim ent is a three-step process. In the first the spins 
orientation are encoded w ith a N M R  param eter (e.g. m agnetisation density, Ti and T2) 
and in the second step they are encoded w ith spatial information. In the third step the 
signal is read out. In practice the steps can be perform ed in series or in parallel 2.
Fast M RI, as a  natural progression to conventional M RI has m atured in the past few 
years and is now  o f  an established value in several areas such as real-tim e and flow 
imaging. Haacke classified M RI into four different categories based on timing. The 
first is conventional scans taking m inutes such as spin-echo. The second is 
intermediate, saving tim e by factors o f  2 to 4 such as m ulti-echo imaging. The third is 
rapid Gradient Field Echo (GFE) scanning w ith partial flip angles such as Fast Low 
Angle SHots (FLASH) saving tim e by a factor o f  100. The fourth and last is snapshot 
im aging such as Echo Planner Im aging (EPI) 48. Exam ples o f  conventional imaging 
and fast M RI techniques are listed below  after explaining how  relaxation tim es are 
norm ally measured.
2.4.1 Measuring Relaxation Times
2.4.1.1 Free Induction Decay (FID) and T2* Measurement
There are other tim e factors that cause the observed m agnetisation com ponents to 
relax quicker even i f  local quantum  coherence was not lost, such as T ^ l/y A B o . As 
the equation shows it results from  local field inhom ogeneity AB0 that result in a  small 
variation in isochrom ats frequencies. The net effect o f  T2 and Tj is given the name 
T 2* and can be calculated using the following equation 37,62:
[2.33]
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So T2 is generally a  m easure o f  the applied m agnet hom ogeneity or, in samples 
w hich are strongly hom ogeneous, o f  local m agnetic susceptibility gradients 2,37,63. As 
aforem entioned, the signal resulting from  the relaxation process is norm ally detected 
using a coil. As transverse m agnetisation rotates about the z axis, it induces a  current 
in the coil. Plotting a current as a  function o f  tim e gives a sine wave (before 
dem odulation and i f  ‘o ff  resonance’). This signal w ill o f  course decay w ith a  tim e 
constant T2 , equation [2.33], and is called: Free Induction Decay (FID). To obtain a 
m axim um  FID signal the flip angle is set to 90° by controlling the m agnitude and the 
tim e o f  the applied pulse field, equation [2.15]. For a water sam ple, the signal is 
norm ally acquired, dem odulated and digitally sampled before it is Fourier 
Transformed. The result w ill be a  Lorentzian centred at the resonance frequency, with 
a Full-W idth-H alf-M axim um  (FW HM ) in the real channel equal to I /71T 2 and a 
dispersion spectrum  in the im aginary channel. This experim ent is used routinely to 
serve m any purposes such as helping in  shim m ing and adjusting the system  
param eters before starting m ore sophisticated experiments and quite often used in 
spectroscopy as described in  section 2.5.4 2.
2.4.1.2 Techniques for T2 Measurement
M easuring T2 relaxation tim e can be done using the simple H ahn spin-echo pulse 
sequence. In a  rotating fram e o f  reference this sequence consists o f  a  90°x> pulse, 
w hich flips the net m agnetisation from  the z to the y ’ direction. The FID echo 
amplitude form ed after the excitation pulse, represents a signal that fans out o f  phase 
and decays not ju st due to local internal field inhom ogeneity but also due to the 
external field inhom ogeneity as m entioned earlier. After that another pulse is applied 
but this tim e it is a  180°y’ pulse. This pulse flips the spins 180° to the opposite side in 
the x ’y ’ plane m aking them  fan back in again hence reaching a peak, then fan out 
again i.e. produces an echo. By m easuring the am plitude o f  both signals as a function 
o f  echo tim e 2x, T 2 can be m easured using equation [2.3 l ] f ,  figure (2.5). This only 
applies in liquid or soft m atter sam ples i f  diffusion is ignored, section 2.5.2. Carr and
C A  ^
Purcell realised that T2 can be m easured in the presence o f  diffusion and 
inhom ogeneous fields, i f  one can apply a train  o f  180° pulses and m easure the 
amplitude from  the FID peaks (i.e. the envelopes), figure (2.5) 37. How ever this 
requires extrem ely accurate flip angles. M eiboom  and Gill m odified the phasing o f  the 
180° train w hich m ade the sequence m ore efficient and m ore p rac tica l37.
f T2 was mentioned in the equation instead of T2*. Although this was not very accurate, it 1 1 1
was considered as adequate for explanatory reasons as at that stage T?.* was not defined yet. I I FT I 26
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T2* can be measured 
from this exponential 
decay. T2 can be measured 
from this exponential 
180°y- decay.
i s
T' 2 x 3t 4t 5t
C 3  < 3 >
M xy  recovers 
phase coherence, 
but it is now 
smaller than 
original Mxy
M xy  recovers 
coherence, but 
smaller than last
M xy  recovers 
coherence, but 
smaller than last
Figure (2.5) Hahn Spin-Echo sequence for measuring T2 and T2’ (up to the solid vertical line). If 
train of 180° pulses is applied, the sequence is called Carr-Purcell echo. If 90° phase between the 
initial 90°x and the 180°y- is applied and a 180° Phase alternate followed, then the pulse sequence 
can measure T2 more efficiently. The latter pulse sequence is called Carr-Purcell-Meiboom-Gill 
(CPMG) pulse sequence 59. All signals demodulated.
2.4.1.3 Techniques for Tj Measurement
Inversion recovery is a com m on pulse sequence used to m easure Tj. It consists o f  a 
180° RF pulse, inverting the net m agnetisation M z along to the -z axis direction. After 
that -M z starts returning to therm al equilibrium , equation [2.8]. During this process 
another pulse o f 90° is applied to rotate the rem aining Mz into the transverse plane. 
Here the residual m agnetisation can be m easured by acquiring either an FID or spin- 
echo after 180° application 2. In either case the m easured signal intensity depends on 
the pulse delay (x) between the first two pulses, figure (2.6). It is worth m entioning 
that the cross over betw een -M z and M z m agnetisation (where the net m agnetisation is 
zero) occurs at t = 0.6931 Ti 37. This m easuring technique relies on an accurate 180° 
excitation pulse. Saturation Recovery (SR) has the same m easuring principle but uses 
an 90° excitation pulse instead. For more details and other pulse sequences that are 
used to m easure Ti the reader is referred to reference 2.
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Figure (2.6) Inversion Recovery for measuring Ti.
2.4.2 MRI Pulse Sequences Structure
As has been shown, the fundam ental equation o f  m agnetic resonance is the Larm or 
equation co0 -  y B 0. In a N M R  experim ent, a  m easurem ent o f the frequency o f
precession for the net m agnetisation M  gives inform ation about the group o f  spins 
residing w ithin the external applied field. Below  it w ill be show n in  details how  
m anipulating the spatial variation o f  that field, this frequency inform ation can reveal 
useful spatial information.
2.4.2.1 Gradients and Reciprocal k-space
The Larm or frequency o f  spins w ill be linearly proportional to their position i f  the 
external field is augm ented w ith a linearly varying field i.e. gradient, figure (2.7). So 
the local Larm or frequency becomes:
co(r) = y B 0 + yG. r , [2-34]
where,
co(r) Spins Larm or frequency as a  function o f  position.
B 0 The external Field.
G The linearly varying field.
r Spins positions (can be any o f  x, y, or z direction).
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Figure (2.7) One-dimensional schematic presentation of how applying a gradient varies (encode) 
the Larmor frequencies in one-dimensional space, (a) Two samples (e.g. tubes cylinders with 
doped water) placed in a field B0 with applied gradient G£. The Larmor frequencies co(r) in the 
gradient direction also varies as a result of the gradient presence, (b) Shape of acquired FID after 
MR acquisition in the presence of Gr (c) The resulting 1-D spectrum profile of the sample after
Fourier-Transforming the FID signal.
Assum e a sample is placed in a m agnetic field w ith a gradient G, figure (2.7). I f  a FID 
is acquired, section 2.4.1.1, the resulting signal with dem odulation precession 
frequency equal to the Larmor frequency is,
s(t) = Jp (r)e1Tfi- d r ; [2.35]
where,
p(r) Spins density in the m easured sample. This is for a constant gradient. M ore 
generally one consider a tim e varying or pulsed gradient and uses,
k ( t )  =  27t_1y f G ( t ) d t . [2.36]
JO
It is possible then to present the tim e dependant signal using the spatially dependant 
variable k which is the Fourier conjugate for r as follows:
s(k) = Jp(r)e",2,,-£dr [2.37]
This expression is very useful because it shows that when a linear gradient is applied 
the signal s(k) is considered the Fourier transform  o f  the spins density o f  the sam ple2. 
Using k-space (or reciprocal space) m akes explaining 2D and 3D M R images
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1 J
reconstruction easier. Also it is by looking at how different imaging techniques cover 
k-space that they can usefully be compared. Figure (2.8) shows how  spin-echo, 
section 2.4.3.1, and gradient-echo, section 2.4.3.2, are covered in k-space.
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Figure (2.8) k-space coverage for both SE (red) and GE (green) pulse sequences. For spin-echo 
pulse sequence (red), figure (2.10) one first excite the required slice, figure (2.9), then apply the 
phase encoding gradient starting from -G phase (min). In k-space, this corresponds to the k-space 
trajectory moving vertically following the solid red arrow from q to t2. The 180° pulse then 
changes the action from k to -k  (thick bend dotted arrow) from t2 to t3. Then the application of 
frequency encoding gradient encodes the first k-space line from t3 to t4. The process is then 
repeated with a phase encoding incrementing and the gradient steps the action upward i.e. 
vertically, while the frequency encoding encodes horizontally. In gradient echo pulse sequence 
(green), figure (2.11), the negative gradient proceeding the frequency moves the k-space 
trajectory following the solid green arrow from tj to t2. The rest of the k-space coverage is the
same as in the SE pulse sequence.
2.4.2.2 Radio Frequency RF Pulse
As aforementioned the RF pulse is an excitation pulse used to probe the sample to 
produce a NM R signal. Equation [2.15] shows that the pulse duration and intensity are 
the factors influencing the RF pulse’s effect on the net m agnetisation M orientation. 
Soft RF pulses for example, are weak and long pulses e.g. sine pulses used in the 
presence o f  a gradient, figure (2.9), to excite part o f the sample under investigation. 
Hard RF pulses e.g. square pulses, are strong and short pulses used to excite the whole 
sample. M any types o f  excitation pulses are used to serve different purposes 37.
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Figure (2.9) Schematic presentation of applying excitation pulse with slice selection gradients, 
(a) A Sine excitation pulse applied to excite a slice in the sample, (b) The excitation spectrum 
resulting from applying the sine pulse, (c) Two gradient examples used to demonstrate how the 
applied gradient could change the slice thickness, (d) Slice thickness for each of the gradient
examples.
2.4.2.3 Slice Selection
Slice selection is used to isolate a single plane in a sample, by enabling the excitation 
o f  only the spins w ithin the required plane. This is achieved by applying a constant 
gradient in the direction o f  the required slice. It is norm ally used in com bination with 
the RF excitation pulse, figure (2.9). The slice thickness can be determ ined using the
T  7
following equation :
*  =  P - 38!
where,
Aw Excitation bandwidth (rad/s)
G Slice selection gradient (T/m)
y Gyrom agnetic ratio (rad/s.T).
UniS 3.
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G read
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Figure (2.10) 2-D Spin-Echo (SE) MRI sequence showing from top to bottom: spin-echo pulses 
and echo, slice selection gradient GS|ice, phase gradient Gphase and frequency gradient Gread. The 
90°x pulse in conjunction with the slice selection gradient excites the required slice of the sample 
(slice direction). Phase encoding gradient is applied after to encode one of the dimensions in the 
phase direction together with initial Gread(tut2) gradient to encode after the first RF pulse. The 
180°y pulse flips the spins to create an echo. The second Gread(,j_t4) encodes the spins in the second 
dimension (read direction). The echo is then acquired at the same time. Gradient switching times 
are not included for simplicity. Shaded areas are equal in size for square images.
Slice
Selection
Phase
Encoding
Encoding
Figure (2.11) 2-D gradient-echo (GE) NMR imaging sequence showing excitation pulse and echo, 
slice selection gradient Gslice, phase gradient Gphase and frequency gradient Gread. The a pulse in 
conjunction with the slice selection gradient excites the required slice of the sample (slice 
direction). Phase encoding gradient is applied after to encode one dimension (phase direction). 
The negative gradient -Gread(ti_t2) flips the spins forcing them to refocus and create an echo. The 
positive gradient Gread encodes the spins in the second dimension (read direction). The echo is 
finally acquired at the same time. For simplicity gradient switching times are not included. 
Shaded areas are equal in size for square images.
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2.4.2.4 Phase Encoding
The signal acquired for spin ensem bles under the influence o f  a gradient G depends 
on the strength and the duration t  o f  the gradient as well as the position where the 
spins resides r, equations [2.35] and [2.37]. This can be shown m ore clearly using the 
following equation:
A<j> = yr ftc G(t)dt = k( te) r , [2.39]JO
where te is the phase gradient duration, figures (2.10) and (2.11) 2. A lso this equation 
represents the phase A(j) accum ulated from  the spins ensem bles during acquisition. 
Exploiting this in 2-D im aging gives us a m ethod to encode spins in one o f  the two 
dimensions. This can be achieved by applying and varying the gradient in the 
direction perpendicular to the read and slice selection directions, figures (2 . 1 0 ) and 
(2 . 1 1 ).
2.4.2.5 Frequency Encoding
The definition o f  frequency encoding as a  concept was introduced in  section 2.4.2.1. 
The applying o f  a  linear gradient in a  certain direction m akes the spins Larmor 
frequencies values dependant on position, figure (2.7). Fourier transform ing the 
acquired FID gives us the spins density at each spatial position i.e. the spins are 
encoded by their Larmor frequency. In  a 2-D pulse sequence this encoding process is 
exploited to encode the spins in  the second dim ension (the first dim ension is encoded 
using a Phase encoding technique described above), figure (2.10) and (2.11). The k- 
space coverage diagram  in figure (2 .8 ) shows how  this is done in com bination with 
other gradients.
2.4.3 Conventional and Rapid Pulse Sequences
2.4.3.1 Spin-Echo (SE)
The com bination o f  slice selection, frequency encoding and phase encoding w ith 90°- 
180° RF pulses, form s a pulse sequence called: two-dim ensional spin-echo, figure 
(2.10). This pulse sequence generates an echo after tim e TE. The first excitation pulse 
is applied at the same tim e as the slice selection gradient GS[jce. The phase encoding 
gradient Gpiase is applied after that to phase-encode spins in the phase gradient
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such cases, one needs to w ait until the longitudinal m agnetisation recovers before
presented in chapter three.
2.4.3.2 Gradient-Echo (GE)
Figure (2.11) depicts a conventional tw o-dim ensional gradient-echo experiment. A  
constant gradient is applied in the GsiiCe direction during the RF pulse. It is followed by 
a phase encoding gradient in the GPhaSe where the spins accum ulate phase in that 
direction, equation [2.29]. The third linear gradient Gread is to be applied after, to read 
the resulting echo. This gradient consists o f  two parts. The first is a negative gradient, 
applied before the echo acquisition and its purpose is to change the direction o f  the 
dephasing isochrom ats read direction. The second gradient is a  positive one, applied 
during the signal acquisition and its purpose is to encode the isochrom ats while they 
form  the gradient echo. The condition here is that the zeroth m om ent m ust equal zero, 
A ppendix III. The fast decay due to field inhom ogenienty is proven to be a lim itation 
to this and sim ilar techniques 48.
2.4.3.3 Steady-State-Free-Precession (SSFP)
SSFP is another M RI sequence w hich im plies that both longitudinal and transverse 
m agnetisation reach a dynam ic equilibrium  that is the same from  cycle to cycle. The 
spin system  takes a finite num ber o f  pulses before this steady state is reached. This 
depends on factors such as Ti the longitudinal relaxation tim e and a  the flip angle o f  
the RF pulses. There are different techniques used to reach this steady state which can 
be found in references ’ .
2.4.3.4 Fast-Low-Angle-Shot (FLASH)
In  1985 H aase e t  a l  introduced a new  experim ent for rapid N M R  im aging w hich 
allows m easuring tim es o f  the order o f  1 0 0 -fold less, com pared to conventional 
m ethods e.g. spin-echo, w ithout sacrificing spatial resolution. The technique takes 
advantage o f  excitation pulses w ith small flip angles elim inating the need o f  Ti
applying another excitation pulse. This tim e betw een 9 0 °  excitation pulses is called T r
9 #
or R epetition tim e . The resulting signals after processing, e.g. 2-D Fourier transform , 
gives 2-D spatial density inform ation o f  the sample, m ore specific details w ill be
34
relaxation waiting periods in betw een successive experiments. It is based on using a 
gradient-echo to acquire FID signals 64.
The basic FLASH sequence is shown in figure (2.12) where the entire k-space is 
swept using succession o f  the m entioned small flip angle excitations. In FLASH an 
entire k-space map can be covered in 1 0 0 ms, however this requires rapid gradient 
pulse switching (less than 1ms). Com bining FLASH with flow m easuring techniques 
(as will be explained in section 2.5.3) will serve this research’s purpose well.
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Figure (2.12) FLASH (Fast Low Angle SHot) pulse sequence. 
Shaded areas should be equal for square images
2.4.3.5 Echo-Planar-Imaging (EPI)
EPI is a technique, which involves applying phase encoding betw een gradient echoes 
m ainly to reduce the num ber o f  RF pulses required to create 2D images. The 
advantage o f  this reduction leads to the rem oval o f  all artefacts associated with 
gradient switching and reduces the image acquisition tim e as EPI k-space coverage 
happens in one shot. H ow ever the m ethod is very susceptible to errors resulting from 
field inhomogeneity. There are two m ajor types: the conventional EPI and the spiral 
EPI. EPI takes less tim e to acquire than FLASH but unlike FLASH, EPI is restricted
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to a  tim e o f  order T2 . Both Sequences have a relatively low signal-to-noise (S/N) ratio 
due to the rapid sam pling (high bandwidth) and the low flip angle respectively 2.
2.5 Applications of NMR and MRI
Since the discovery o f  the phenom enon, N M R/M RI experiments are routinely used to 
extract different types o f  inform ation in m any scientific fields. B elow  are highlights, 
describing the types o f  such information. M ore light is shed on flow, section 2.5.3, as 
it is the m ajor topic in this study.
2.5.1 Imaging
As explained in the historical review  and the M RI sections above, M RI as an 
application o f  NM R, is a  relatively new  discipline in the realm  o f  applied sciences. 
The beginning o f  M RI w as in  1973 w ith the seminal papers by Lauterbur and
M ansfield . M RI occupies a strong position in  biom edical science applications and as
explained in chapter one has started to be o f  crucial benefit in  other fields 63 such as 
drop deform ation the subject in this research work.
2.5.2 Diffusion and MRI
D iffusion is a physical process resulting from  m atter’s translational and rotational 
m otion, i.e. random  m otion or Brow nian m otion 37, o f  m icroscopic particles due to 
their therm al energy. I f  a  dissolvable substance is placed at one spot in liquid m atrix, 
say water, diffusion leads to its spreading w ithout stirring or shaking. F ick’s Law  
quantifies diffusion and states that:
dc d do,
—  = — D —  [2.40.a]
dt dr dr i s
w here f
r  = distance (m)
m 2
D = diffusion coefficient (-----)
s
c = concentration o f  m olecules per unit volume (M ole/m 3).
Equation [2.40.a] indicates that particles travel from  regions o f  high to low 
concentration, seeking concentration equilibration. In gases, diffusion is quick and 
occurs over m acroscopic distances and in solids it is extrem ely slow  1. G enerally
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w hen particles are uniform ly distributed they  continue to diffuse random ly in a 
process know n as Self-Diffusion. The self-diffusion coefficient is given by:
D = l.v / 6 [2.40.b]
where,
1 m ean free path  (m) 
v average velocity  (m/s).
I f  the m ean free path exceeds the space available the diffusion is said to be restricted. 
D iffusion coefficients are tem perature dependent as changes in tem perature changes 1 
and v [ 1 ].
M easuring diffusion is a fast developing area in N M R  and M RI. The developm ent o f 
fast M RI techniques w idened the scope in  this field 48. Back in  1960, H ahn noticed 
diffusion’s effect in  attenuating the signal detected from  seawater 53. A t such an early 
tim e w hen N M R was a new  technique the potential o f  this effect was not fully 
realised. As a m atter o f  fact it was considered an artefact and Carr and Purcell worked 
out a w ay to m inim ise its effect on the acquired N M R  signal 50. H ow ever in 1965 
Stejskal and Tanner noticed that diffusion leads to a  tim e and space dependent phase 
shift in transverse m agnetisation and introduced a pulse sequence m aking use o f  this 
f a c t54. Since then it is been know n that diffusion in  M RI could be expressed using the 
concept o f  D iffusion W eighted Im aging (DW I) utilising an extra pair o f  gradient 
pulses. It is by sim ply adding this pair o f  gradients to a M RI sequence that such 
im portant inform ation can be quantified, figure (2.13). M RI acquisitions o f  two 
signals, one being a conventional spin-echo and the other being a DW I, then dividing 
the two, w ill produce results w ith a  contrast that is only due to diffusion 65. 
Furtherm ore diffusion leads to an attenuation o f  the echo am plitude and could be 
m easured using Stejskal-Tanner eq u a tio n 37 :
E (g) = I s- = exp[-y2 g 2 5 2 D  (A - f )] ,  [2.41]
where,
E  (g) is the ratio o f  the echo am plitude at a  gradient g to that at zero gradient.
8 is the duration o f  each gradient pulse,
A is the gradient pulses spacing.
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2.5.3 Flow and MRI
Flow is the amount o f  m atter passing a point per unit time. M easuring flow is also a 
fast developing area in the field especially after the developm ent o f  fast MRI 
techniques. Here we explain how  flow can be m easured using conventional (PGSE) 
and fast (FLASH) M RI techniques. W e know from above that the application o f  a 
conventional 2D spin-echo or FLA SH pulse sequences produces an image with a 
density proportional to the sum o f  transverse net m agnetisation M, sections 2.4.3.1 
and 2.4.3.4.
90° 180°v
OQ g
Echo
Figure (2.13) Pulsed Gradient Spin Echo (PGSE) sequence with gradient amplitude g gradient 
pulse duration 5 and gradient pulse spacing \
But suppose that there is an additional coherent m otion due to each spin being 
additionally displaced by an identical am ount (i.e. flow is present). Then the 
application o f  a pair o f  m agnetic field gradients o f  a m agnitude ‘g ’, figure (2.13) and 
figure (2.14) respectively, results in a new image being flow dependent. The new 
position o f  the spin in this case can be expressed as:
y2 = yj+vt [2.42]
where,
Yi
y2
V
t
initial position w ithin the first gradient (m), figures (2.13), (2.14) 
position within the second gradient (m), figures (2.13), (2.14) 
spin velocity (m/s)
time o f  m easure betw een positions (s) (See A ppendix II).
time
Figure (2.14) Bipolar gradients for FLASH. UniS 38
The phase is the key factor here, as A<j> resulting from the application o f  these 
gradients is equal to the integration o f  all the infinitesim al phase dispersions resulting 
from  the signals produced by  the spins during these bipolar gradients. So the resulting 
phase w ill equal to
Ax
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=<l)i +<l>2 = r s  * -  y 2 ±  [2.43]
where (|>i and ([>2 are the phase accum ulated in  the first and second parts o f  the bipolar 
gradients respectively. I f  the spins in the sample did not move, the solution for the 
integration in equation [2.43] w ill equal zero as yi will equal y2. H ow ever i f  spins 
m ove the solution w ill represent the phase shift proportional to their velocity. So the 
phase w ill be
A<|> =  y g  v x  1 2  +  2 t  - t  12 [2.44]
A(|> =  Y g V T 2 . [2.45]
B y sim ply obtaining the value o f  the phase shift A(|) resulting from  the application o f 
these bipolar- gradients set using either o f  the pulse sequences, one can find out the 
sought velocity o f  the m oving spins, hence flow. Appendix II shows the detailed 
derivation o f  equation [2.45].
The reversal o f  the gradients, m odulates the phase o f  the m oving spins but has no 
effect on stationary spins. This is because the net integral o f  the velocity-encoding 
gradients is zero . H ow ever in practice this is not the only source o f  phase in 
collected images. Phase errors emerge due to other factors. Field inhom ogeneities and 
RF penetration effects are tw o exam ples for such sources o f  (unwanted) em erged 
phase during acquisition. They are independent o f  the bipolar gradient pulses and can 
be elim inated if  two phase m aps instead o f  one are collected then  subtracted. So for 
suppressing stationary background system atic error it is efficient to acquire using two 
data sets, each w ith opposite bipolar gradients pulses.
Bipolar' pulses can be located in im aging sequences to encode flow  velocities in any 
direction. Flow  sensitivity is achieved only in the direction that the bipolar pulse is
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applied. So if  three-dim ensional flow  inform ation is required, three different 
m easurem ents are needed, figure (2.16) 2,57.
M otion often causes velocity dependent artefacts during image acquisition. These 
artefacts (e.g. blurring) are due to the em ergence o f  additional phase along the 
direction o f  m easurem ents and due to the changes in phase from one T r (repetition 
tim e) to the next. The m ost significant phase artefact is that sam pled at the echo 
centre, figure (2.15). To allow  the elim ination o f  these artefacts from the produced 
image another set o f  gradients are added to the readout encoding gradient, referred to 
as velocity com pensation gradients 2. These gradients rem ove m ost o f  this artefact 
leading to a clearer image if  applied as shown in figure (2.15). Appendix III shows the 
details o f  the derivation for the values o f  these gradients and contains a p roof o f  the 
shown suggested solution.
echo centre
Figure (2.15) Velocity compensation gradients shaded areas of light grey equal to dark grey 
(top). The phase track at each part of velocity compensation gradient (bottom), redrawn 
from \  Solid line shows the phase <j>s(t) resulting from stationary spins. Dotted line shows 
phase resulting from moving spins <j>V(t). It is clear how the gradients adjust the phase at the 
echo centre to zero, which leads to the elimination of the artefact. The additional phase
around the centre is negligible.
Using bipolar gradients and velocity com pensation w ith FLASH pulse sequence, as 
shown in figure (2.16), and with more com m on flow m easurem ents pulse sequences 
like PGSE, allow the construction o f  flow m aps w ithin drops during elongating and 
relaxing as will be illustrated in chapters five, six and seven.
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Figure (2.16) FLASH sequence with velocity compensation presents in the slice 
selection (SS) and the read encoding (RE) directions (red and blue lines). Position of 
bipolar gradients in all three encoding directions (blue and red shaded areas).
Spatial susceptibility is another artefact affecting the work in this study. It comes as a 
distortion to the produced phase maps. The source o f  this artefact is the variation in 
the local magnetic field. The geometric shape, the type o f  material images and the 
acquisition time are all m ajor factors that determ ine how severe susceptibility’s effect 
upon the resulting phase map. Im proving images affected by this artefact can be 
achieved by im proving on the acquisition sequence design or choosing m aterials that 
has m inim um  affect on the hom ogeneity o f  the magnetic field (e.g. nonm agnetic 
m aterials) '. Phase encoding unlike frequency encoding is immune to susceptibility 
(for stationary spins) therefore it is noticed that in two dimensional flow images as in 
our case these artefacts are m ainly found in one direction.
2.5.4 Spectroscopy
Spectroscopy is the first applied N M R field used by chemists and biologist to extract 
useful inform ation from m aterials. In the glossary o f  M ethodology, spectroscopy in 
the com m on scientific sense is defined as the study o f  the interaction betw een m atter 
and radiation. In NM R Spectroscopy, the following equation is used:
®0i =Y.B0 , [2.46]
where the suffix i denotes the nuclei o f  interest 2. The m ost com m on practical 
approach here involves applying a broadband transm it RF pulse, containing a wide 
spectrum o f  frequencies and obtaining an FID as a result. This signal contains 
inform ation about the set o f  all nuclear species in the sample whose frequencies lie 
w ithin the pulse spectrum. Fourier analysis leads to a resolution o f  which species are
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present and their relative population. For more details the reader is referred to a book 
written by Harris called 4 N uclear M agnetic Resonance Spectroscopy’ 60.
2.5.5 R elaxation
It has been shown in section 2.3.4, that Bloch equations provide accurate exponential 
decay description for spins in rapidly tum bling m olecules in atom s with spin quantum 
num ber I equal to 1/2. H ow ever it breaks down w hen the m olecular m otion becomes 
slow. It also can not indicate how the relaxation tim es relates to the m agnitude and 
fluctuation rates o f  spins interactions . In 1945 Bloembergen, Purcell and Pound 
devised a theory (BPP theory) that generally shows how the rate o f  spins fluctuations 
presented by correlation tim e tc, which is a m easure o f  two spins rem aining in a given 
orientation, relates to the relaxation tim es Ti and T2 . Figure (2.17) illustrates this 
relationship. It shows that in m aterials w ith shorter correlation tim e (i.e. co0xc «  1) the 
dipole interactions have little or no effect as they are m otionally averaged to zero at 
extreme line narrowing i.e. long T 2, and those w ith longer correlation tim e (co0t c »  1 ) 
dipole interaction becomes very effective at line broadening i.e. shorter T 2 . Ti 
relaxation reflects the am ount o f  m otion at the Larm or Frequency and Ti value is a 
m inim um  w hen (cd0t c= 1 ) as shown in (2.17).
Figure (2.17) Correlation Times versus Relaxation Times (redrawn from [36]).
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2.5.6 F u n c tio n a l M R I
Functional M RI in simple term s, is the m easuring o f  M RI signals from  the brain while 
it is actively functioning. M RI V isualisation o f  oxygen levels in the blood supply o f  a 
region in the brain, can give a good indication about the activities talcing place in that 
region. The investigation o f  this area is referred to as BOLD, w hich stands for Blood 
O xygenation Level Dependant. It was first introduced by Ogaw a in 1990 2. For m ore 
inform ation the reader is referred to a  book called Functional M RI edited by 
Jezzard67.
2.6 S u m m ary
The m ajor aspects o f  N M R /M RI theory were covered in this chapter. F irst the related 
m ajor events that took place since the discovery o f  the N M R  phenom enon was 
chronologically m entioned. The basic N M R  phenom enon was explained from  both 
the sem i-classical and the classical point o f  view s w ith the principles o f  the 
N M R /M RI signal form ation and detection briefly  stated. Then the concept o f M RI 
was introduced and the m ain im aging sequences used to extract the signal were briefly 
described. Flow  m easurem ent was introduced as the m ain application used in this 
project. Finally for com pletion other types o f  useful inform ation that can be extracted 
using N M R/M RI were listed.
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3 INSTRUMENTATION
T he a im  o f  th is  c h a p te r  is  to  d e ta i l  th e  m a jo r  in s tru m e n ta tio n , w h ic h  w a s  b r o u g h t  
to g e th e r  to  c a r r y  o u t th is  r e s e a r c h  w o rk . I t  a ls o  a im s  to  d e s c r ib e  a l l  r e le v a n t  
h a r d w a r e  (i.e. th e  e le c tr ic a l ,  m e c h a n ic a l, p h y s ic a l  a n d  c h e m ic a l)  a n d  s o f tw a r e  (i.e. 
a c q u is i t io n  a n d  im a g e  p r o c e s s in g  p r o g r a m s )  a s p e c ts  o f  th e  w o r k  a n d  e x p la in s  th e  r o le  
o f  e a c h  in  th e  p r o c e s s  o f  r e a c h in g  th e  d e s i r e d  o u tc o m e .
3.1 MRI System
A ll experim ental w ork was conducted using the M RI Unit described below, figure
(3.1). This unit in conjunction w ith other various peripherals w hich w ill be covered in 
details below  allowed the production o f  all data necessary for achieving the sought 
experim ental aims.
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Figure (3.1) block diagram of the main units used to run and control MRI Experiments. 
3.1.1 Magnet and Spectrometer
All the experiments were carried out using a superconducting 9.4Tesla m agnet 
(M agnex Scientific, Oxon, UK ), figure (3.2), Chem agnetics (Varian) Infinity
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Spectrom eter and hom e-m ade Stepper M otor Control Units, figure (3.1). A  gradient
coil was used to provide the necessary gradients to acquire images in  all three
directions x, y  and z. A lso a shim  coil was used to  provide as m uch hom ogeneity in
the m agnetic field around the sample as possible during signal acquisition. The
gradient and shim coils were norm ally fitted in  place w ithin the m ost hom ogeneous
part o f the external m agnetic field inside the m agnet, figure (3.1). The passing o f  a
current w ithin these coils increased their tem perature, so a cooling system  consisting
o f  a  w ater pum p was used to keep the tem perature as stable as possible. The sample
was norm ally placed in a N M R  sample probe, w hich had a built-in RF coil to deliver
the excitation pulses and receive the resulting N M R  signal. The sample was
positioned in  the probe so that the area o f  interest was in line w ith  the coil axis,
chapter two, section 2.3.5. I f  the sample under investigation was in a closed glass tube
and not connected to any external devices, it was norm ally inserted from  the bottom
o f  the m agnet together w ith the N M R  probe. I f  the sample w as connected to an
external device it was norm ally inserted from  the top while the N M R  probe w as fitted
in place.
Figure (3.2) Main dimensions for 9.4 Tesla magnet used in all experiments
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Once the sample was in the m agnet, the interface unit, a com puter w ith  a processing 
unit, was used to store, co-ordinate and execute all the required tasks in  com bination 
w ith all the other units in the system. The instructions used for this purpose were in 
the form  o f  pulse program m ing sequences, w ritten using specialised software referred 
to as spinsight p-code pulse program m ing software (Chem agnetics Infinity 
Spectrom eter, V arian Solid State Office, UK), section 3.4.
3.1.2 Pulse Receiver/ Transmitter and Processing Units
A  transm itter equipped w ith an oscillator and pow er am plifier w as used to send 
excitation pulses to the sample. The designed pulsed sequence software stored in the 
processing unit controls this process by  sending instructions containing the required 
m agnitude and duration for the RF pulses and gradients. The coil surrounding the 
sample delivers these RF pulses to the sam ple then receives the resulting ‘echo’. The 
receiver unit equipped w ith a pream plifier and an analogue to digital converter ADC 
units collects and samples the signal and sends it back to the processing unit for 
processing, figure (3.1). The Infinity spectrom eter was supplied by  Chem agnetics. 
The RF am plifier was supplied by  Creative Electronics, Los Angeles, California, 
USA.
3.1.3 Other Peripheral Units
M ost o f  the experim ents required the application o f  gravitational, rotating or 
reciprocating forces to the sample under investigation. Several Electro-m echanical 
kits were designed and built for this purpose, section 3.2. Two types o f  m otors were 
used to control these kits, a stepper m otor and standard direct current D C motor. In 
the stepper m otor’s case the instructions in the form  o f  codes w ere sent from the 
interface to the m otors control unit, w hich in turn  controlled the stepper motor. 
D epending on the experim ent’s requirem ent, it was possible to send these codes 
directly to the unit or indirectly through pulse-program s to synchronise the m ovem ent 
o f  the stepper m otor w ith  the acquisition process, figure (3.1). This latter style o f  
program m ing is called Gating and has been used in the experim ent described in 
chapter seven. In the DC m otor case the m otor was controlled independently.
3.2 Electrical and Mechanical Apparatus
Different electro-m echanical kits were designed and built to help achieve the 
experim ental research w ork for this project. Each o f  these kits was used for a specific
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purpose, their design explained here in detail. But the aims behind their use are 
highlighted in chapters four, five, six and seven where the experim entation work is 
explained.
3.2.1 Poiseuille Flow Preparatory Apparatus
This kit was generally designed to provide a continuous, m easured and controlled 
supply o f  doped w ater flow, figure (3.3).
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The reservoir, w hich is a glass container, was used to provide doped w ater supply, 
section 3.3.1. It was positioned higher than  the m agnet to m aintain a  good flow  o f  
doped w ater into the feeding tube - a  flexible rubber tube linked to the reservoir from 
one end and the inlet capillary tube from  the other. The valve, w hich was placed 
around the feeding tube from  the top, was used to control the am ount and speed o f 
doped w ater flow ing towards the capillary tube unit, figure (3.3). This capillary tube 
unit form s the m ajor part o f  this k it because all flow acquisitions and m easurem ents 
were taken there at the designated area - dotted line in figure (3.4). D oped water 
flow ed into one capillary tube and out from  the adjacent capillary tube, figure (3.4). 
The w ater then travelled out through the outlet capillary tube, w hich in turn was 
linked to the water drainage, figure (3.3). This k it was m ostly used in the validation 
experim ents, chapter four.
Water outlet
Cap to fix capillary 
tubes in position ^
Glass Tube holding 
the capillary tubes in 
Place. Inner diametre is 
8mm. Outer diameter is 
10mm.
Water in from reservoir
Capillary tubes 
1.3mm inner diameter
RF coil surrounds this area 
for MRI flow measurements
Water goes from one 
capillary tube to another
after filling this 
insulated area.
Figure (3.4) Sketch of the Capillary Tubes Unit, which forms the main part of the kit where flow
is measured by NMR/ MRI experiments.
3.2.2 The Rotation Motion Apparatus
This kit was designed and built to provide rotation force to the sam ple under 
investigation. U sing this kit, the sample could be rotated clockwise and anti-clockwise 
from  the m iddle at any required velocity  by hand or by pulling using a force or m otor 
to unw ind a copper wire w ound around the shaft. This kit was used to execute the
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doped water rotation experim ent, chapter four, the uniform  rotation experim ent and 
the relaxing drop experim ent in chapter six.
Figure (3.5) Circular Motion Kit
The m ain elem ent o f  the circular m otion kit is an adjustable nonm agnetic A lum inium  
m etal rod o f  750 (± 40) in length and 5 m m  in diameter. A  glass rod o f  40 m m  in 
length and 3 m m  in diam eter was attached to the rod ’s lower end and a rotating handle
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was attached to it from the upper end, figure (3.5). The rotation o f  the sample was 
possible by rotating this handle from  the top and hence transferring the rotation to the 
glass rotor already dipped in  the sample from  the bottom.
The rod passes through a base from  the top o f  the m agnet, w hich consists o f  a 
cylindrical w ooden plate w ith  a circular opening through its central point. This base 
was designed and built to fit firm ly at the top o f  the central hole o f  the magnet. So it 
served to fix and align the rod stopping it from  wobbling. The rotating handle was 
connected to the rod through a brass threaded cylinder. This threaded cylinder 15mm 
in diam eter and 90m m  in length was used in com bination w ith two adjustable nuts to 
align and adjust the rod height so the glass rod attached from the lower end could be 
inserted to the required height w ithin the sample. Because all m easurem ents are 
known, the adjustments o f  the rod height could be done outside the m agnet then it 
could be sim ply inserted after. M inor height adjustments were m ade through 
acquiring a M RI image, see section 3.4, then  seeing if  the sample was in  the desired 
position. If  it still needed adjusting, the nuts could be used to pull up or lower the 
glass rod. Then another M RI image could be acquired to check again and so on.
The sample was norm ally placed in a  N M R  glass tube o f  10mm outer diam eter and 
9m m  inner diam eter fitted w ith a  cap where the plastic insertion passes through. Only 
the glass rod that is attached to the latter w as im m ersed in the sample to transform  the 
applied rotation m ovem ent. The samples could be any suitable m aterial, see m aterials 
section below. The kit was also equipped w ith a m arker, which consisted o f  a pointed 
piece o f  A lum inium  attached to the base, to give a reference for the rotating handle. 
A lso a stabiliser - a plastic cylindrical piece, was fitted at the bottom  o f  the glass tube 
and used to stop the rotor from  vibrating sidew ays while the glass rod was rotating. 
This was a crucial piece that helped in reducing vibration from  im perfect symm etrical 
rotation, to a  negligible limit. A  friction reduction ring - a thin plastic disc, was fitted 
betw een the nuts and the base and used to reduce friction during rotation, figure (3.5).
3.2.3 The Reciprocal Motion Apparatus
This k it was designed and built to allow  one to m ove the rod attached to  the glass rod 
dipper, in and out o f the sample in  a  vertical reciprocal fashion. The details as to w hy 
it was necessary to create this m ovem ent are covered in chapter four, five and seven 
as this kit was used in the experim ents explained therein.
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As shown in figure (3.6) the glass dipper could be m oved in and out o f  the sample 
because it was attached to a nonm agnetic alum inium  metal rod that extended all the 
way up to the stepper m otor. Just before the rod linked to the stepper m otor, a pivot 
was added m aking the bottom  part o f  the rod -under the pivot- m ove vertically, while 
the part above it, followed the stepper m otor rotation movement. The stepper m otor 
was attached to a  purposely-built nonm agnetic alum inium  m etal fram e that could be 
fixed firm ly at the top o f  the m agnet using plastic fixing bolts. It also had an electrical 
term inal socket fitted to it, w hich linked the stepper m otor to the cable from the 
stepper m otor control unit. The fram e had a circular opening in the m iddle to allow  a
passage to the rod. To stop it from ‘w obbling’, the rod was stabilised during its 
m ovem ents by wedging two hard plastic semi-cylindrical pieces, in that opening. The 
plastic stabilisers did not stop the vertical m ovem ent because they were made each 
with a semi cylindrical engraving. So putting them together m ade one central 
cylindrical hole that encapsulated the rod and gave it the space to move vertically but 
stopped it from m oving sideways. The lengths o f  both rods above and below  the pivot 
were designed and m ade to be adjustable. Also the top part o f  the upper rod could be 
adjusted nearer or further away from the stepper m otor centre o f  rotation, figure (3.6). 
These features provided the flexibility to vary the vertical reciprocal distance travelled 
by the glass dipper.
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Figure (3.7) A picture for the designed and built apparatus for the described electro-mechanical 
kits. (A) The nonmagnetic rod linked to the copper calibrated knob shown to the right. The two 
nuts used to tighten the rod and secure it in place can be seen screwed to the threaded rod in 
between the rod and the knob. The glass NMR tube with the rotor inside it (not shown here) is 
normally attached to the rod from the left before inserting it in the magnet from the top. (B) The 
wooden base used to hold the latter in place. The nonmagnetic metal pointer can be seen to the 
right of this circular base. (C) The adjustable sample tube holder used in the reciprocal motion 
kit. To the left one can see the tube holder unit (long white cylinder) with the smaller cylindrical 
plastic stabiliser attached to the glass dipper and to the right one can see the pivot side. (D) The 
motor holder with the stepper motor attached to it from the right. The upper adjustable rod is 
shown attached to the motor. This rod links to the rod in ‘C’ from the pivot end after inserting 
the sample as explained below and as shown in figure (3.8).
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NMR tube
10mm
Sample
Plastic stabiliser
Rod end linked to 
stepper Motor
73mm 0
Plastic glass tube 
holder
Glass dipper
(a)
Sample with holder 
inserted from 
magnet top
(b)
NMR Probe 
inside the magnet 
with RF coil.
T n
W
(c)
Figure (3.8) Steps for inserting sample tube in place.
(a) Sample in NMR glass tube and purposely designed and built sample tube holder (b) Sample 
glass tube inserted in glass tube holder, (c) All inserted from top of the magnet to fit inside NMR
probe already in place inside the magnet.
The sample was normally placed in a 10mm outer diam eter 9mm inner diam eter N M R 
glass tube with no cap. Then the uncovered top o f  the glass tube was inserted in a 
purposely designed and built plastic cylinder (the glass tube holder, figure (3.8). This 
holder had a 5mm hole, which increases to 10mm at the lower end allowing the main 
rod with the glass dipper to pass through to the sample while firmly holding the N M R 
tube in place. A small plastic piece o f  9mm in diam eter and 20m m  in height fitted in 
the glass tube was purposely m ade and inserted in place to provide stability to the 
glass dipper. The holder with the sample in it was lowered from the top o f  the m agnet 
down to the N M R probe, which was already fitted in place from the bottom o f  the 
magnet. The stepper m otor frame was then fixed in place and attached to the rod 
through the pivot using brass fixing bolt, the rod stabilisers were then wedged in place 
and the cable from the stepper m otor was plugged into its allocated socket. At that 
point the system was ready and the MRI m easurem ents could be taken.
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3.3 Materials Used in Sample and Experimental Preparation
As m ost o f  the experim ents in  this project used the same m aterials and were prepared 
in the same way, this section covers the im portant specifications for all m aterials used 
in all experiments. It also covers the preparation process followed in detail.
3.3.1 Doped Water
Doped w ater is a solution o f  de-ionised w ater H 20  w ith a trace o f  copper sulphate 
CUSO4 (approximately 4xlO"3M). A  trace o f  Hydrochloric acid HC1 was added to 
keep the copper sulphate dissolved. The solution was m ainly used during the 
validation M RI experiments because it was fairly easy to prepare and norm ally 
produced a relatively high N M R  signal. It was possible to control the relaxation tim es 
by controlling the added am ount o f  copper sulphate because the param agnetic 
m aterials present in this com pound interacted w ith the spins and changed its response 
to N M R I experiments. M easured Ti and T 2 o f  distilled water were found to be in the 
region o f  2.77 seconds and 2.73 seconds, respectively. A dding 5% to 10% 
concentration o f  Copper Sulphate reduced the values to approxim ately 50% and 70% 
(from  the m entioned total tim e range) respectively.
3.3.2 Polydimethylsiloxane PDMS
PDM S is the m ain polym er sample under investigation. It was obtained from  Aldrich 
in Dorset, UK. PDM S is a  transparent polym er, im m iscible in  W ater and M ethanol, 
section 3.3.3, and in a liquid state at room  tem perature. It has relatively high viscosity 
and some degree o f  elasticity 68. PDM S is com posed o f  an inorganic backbone o f  
alternating silicon and oxygen atoms. Two m ethyl groups are attached to each silicon 
atom  o f  the backbone chain. The repeating unit o f  PDM S is show n in Figure (3.9). 
PDM S w ith lOOOcSt viscosity has Ti equal to 490.44m s and T2 equal to 167.15ms at 
400M Hz :H  NM R. PDM S w ith lOOOOcSt viscosity has Tj equal to 489m s and T2 
equal to 88.51ms at 400M Hz *H NM R.
CH 3
Si o
CH 3 n
Figure (3.9) Basic structure of PDMS
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Table 3.1 shows the specifications for the two types o f  PDM S used in this project. 
O ther higher and lower viscosities were tried but they were found too viscous or too 
little viscous respectively. M ixing the two in the table in known ratios adequately 
changed the viscosity and that is what was done in most experim ents, chapters five, 
six and seven.
Table 3.1 PDMS main properties.
Kinematics 
Viscosity (cSt)
Density (g/ml) Molecular 
Weight (a/mole)
PDMS (1) 1 0 0 0 0.970 28000
PDMS (2) 1 0 0 0 0 0.971 35000
Strictly speaking, PDM S, like m ost synthetic polymers, does not have a definite 
m olecular weight rather its polym erisation leads it to have various m olecular weights, 
which are norm ally expressed using a m olecular distribution function, Appendix I. 
For the details o f  how this can be calculated the reader is referred to the reference 
book 69.
3.3.3 Deuterium Oxide and Deuterated Methanol
Deuterium  Oxide com pound is found in the literature with nam es such as heavy 
water. Its m olecular form ula is D 2O. Its density is 1.12gcm'3. It is invisible to 
hydrogen MRI experim ents because it contains no protons. The deuteron has a 
different resonance frequency 70 w ith a different gyromagnetic ratio y.
Deuterated methanol is colourless with density equal to 0.89g.cm '3. Its m olecular 
form ula is C D 4O , which m eans it has no hydrogen and has -as above- a different 
resonance frequency. So it is suitable for this research work because it is invisible in 
the M RI experim ent carried out for hydrogen and can be mixed with deuterated water 
to adjust the density o f  the m atrix surrounding the PDMS drop. M ore details can be 
found below, section 3.3.5.
3.3.4 Tube and Rod Preparation Process
The preparation process was divided into two parts. The first part was designed to 
clean the tubes and rods. The second part was designed to stop the drop - i f  used- from 
sticking to the surface. In the first part the tubes used were soaked in 10-20% Decon 
90 solution overnight, then rinsed with de-ionised water. After that they were rinsed
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w ith a 2M  solution o f  Hydrochloric acid HC1 then w ith de-ionised w ater to com plete 
the cleaning process.
the com pany that first used the process in the 1970s. The procedure involved 20 
m inutes exposure o f  the surface, to a  75°C hot m ixture o f  27.5%  volum e hydrogen 
peroxide and 35% volum e am m onia concentrations w ith the rest being de-ionised 
water. This rem oved contam ination and stopped the drop from  being absorbed into the
3.3.5 Sample Preparation Process
D epending on the experim ental requirem ents, chapters four to seven, there were two 
preparation methods. The first involved m aking the PDM S drop neutrally buoyant in
deuterated m ethanol was m ade o f  equal density to achieve the drop buoyancy. The 
second involved m aking the PDM S drop sink in  the mixture. In this m ethod more 
deuterated m ethanol was used as it has a  low er density than the drop.
As the two liquids m ixture is im m iscible w ith the PDM S drop, the relationship 
betw een PDM S density ( P p d m s ) ,  and the m atrix density (pm atrix) controlled the 
positioning i.e. whether it sinks or float, o f  the PDM S sample drop w ithin the matrix. 
Bearing in m ind that (pmatrix) is equal to the average density w eighted by fraction o f 
each chemical i.e. deuterium  oxide (pDo) and deuterated m ethanol ( p d m )>
Equation [3.1] was the m ain equation used to adjust the height o f  the PDM S drop 
w ithin the matrix.
3.3.6 Surfactant Preparation
One o f the m ajor objectives o f  this research w as to study the effect o f  surfactant, see 
glossary, on the sample drop’s behaviour after perturbing it using external force. The 
surfactant used here is called Octaethylene glycol m onododecyl ether (C 28H58O 9).
In the second part a standard procedure called RCA  was used 71. RCA is the nam e o f
surface. After this process the tubes were frequently rinsed w ith de-ionised water then 
were left to dry 71.
deuterated liquid so that it could be M R  imaged. A  m ixture o f  D euterium  oxide and
[3.1]
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Com m ercially it has synonym s such as Polyoxyethylene 8 lauryl ether, 
Dodecyloctaglycol and C 1 2 E 8. Its form ula is showing the hydrophobic part has 12 
carbon atom s out o f  the total 28. The rest is in the hydrophilic part. The surfactant 
comes in a liquid or a low m elting solid form. The m elting point is 30°C and its
• y 7 9m olecular weight is 538.77 g/m ole .
Figure (3.10) A sketch of a micelle where the surfactant molecules cluster together and float in 
the solution. The hydrophobic tails tends to congregate and their hydrophilic heads provide 
protection. The formation of these micelles is called Micellisation. It is a reversible process that 
tends to occur when the surfactant concentration in the solution becomes higher than a critical 
value called the Critical Micelles Concentration (CMC) 69. If a drop of PDMS is placed in a 
solution containing high concentration of the surfactant used, interfacial tension will reduces and 
micellisation will take place. Once micellisation start forming, adding more surfactant will stop 
affecting the interfacial tension. So to notice the effect of surfactant concentration on interfacial 
tension, all experimentation should be carried out using surfactant concentration below CMC i.e.
before the formation of micellisation.
To avoid m icellisation (the form ation o f  m icelles, figure (3.9)) the concentration o f 
the surfactant in the solution m ust not exceed the Critical M icelle Concentration 
(CM C). In the experim ents we often uses a m ixture o f  deuterium  water and deuterated 
methanol as explained earlier. So the assum ption made here is that the CM C o f  the 
m ixture is the same. It was found from literature that the surfactant used here has a 
CM C within the range 1.7 to 1.9 (x 10‘6 m ole/litre) n . Accordingly it worked out that 
one needs 9 .7x10"6 g/litre -approxim ately 1.8x1 O'8 m ole/litre o f  the m ixture- to make 
a solution far from m icelles formation. To prepare the aforem entioned amount o f 
surfactant solution added to 1 litre o f  deuterated m ethanol. But the deuterated liquid is 
expensive and available only in small quantities i.e. 10‘2 litre. Therefore the following 
alternative but effective m easures were taken. First a 100 tim es the amount o f 
surfactant (i.e. 100x [1.8 x 10'8 m ole]) was added to 1 litre o f  non-deuterated 
methanol. Then 10‘4 litre o f  this solution was added to 10'2 litre o f  the deuterated 
methanol. This provided the first degree o f  the sought after concentration without the 
use o f  a large quantity o f  the deuterated liquid. For the other two degrees o f  surfactant 
concentrations, double then four tim es the surfactant concentration were added and 
the experim ent were repeated at each degree, figure (3.11). Although m icellisation
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was form ed in the early prepared solutions, it did not affect the experim ents with the 
deuterated m ixture because as aforem entioned m icellisation is a reversible process 
and the resulting proton concentration fraction o f  the liquid was negligible relative to 
the bulk amount o f  the deuterated liquid. Details o f  these experim ents can be found in 
the relevant chapters, chapter five, six and seven.
( 1) +
■N
100x 1.8 x 10' mole of 
C12 Eg surfactant.
1 litre of methanol. 100 times stronger surfactant 
concentration than required 
dissolved in normal methanol.
(2) +
0.0001 litre from the 
solution prepared in step 
(1) above.
0.01 litre of deuterated 
methanol.
Deuterated methanol with the first 
required surfactant concentration 
degree i.e. 1.8 x 10'8 m/1 surfactant.
(3) +
0.0001 litre from the 
solution prepared in (1).
Deuterated methanol with 
the first surfactant 
concentration degree.
Deuterated methanol with the second 
required surfactant concentration degree 
i.e. 2 x 1.8 x 10'8 m/1 surfactant.
(4) +
jB * S K 5
0.0002 litre from the 
solution prepared in (1).
Deuterated methanol with 
the second surfactant 
concentration degree.
Deuterated methanol with the third 
required surfactant concentration degree 
i.e. 4 x 1.8 x 10'8 m/1 surfactant.
Figure (3 .11) Steps for preparing the required m atrix solution w ith the required am ount o f  
C 12 Eg surfactant w ith  all three required concentration  degrees.
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3.4 Acquisition and Image Processing Techniques.
Two acquisition program s were developed and used to acquire all data in this research 
work. Two image processing program s were developed one for each data set resulting 
from the aforem entioned acquisition programs. Below is a detailed description o f  all 
this software.
3.4.1 FLASH Flow Acquisition Program
FLASH pulse sequence described briefly in chapter two, was one o f  two programs 
used to acquire data and was written using spinsight p-codes. Bipolar gradients were 
added ’ to measure flow, which could be conveniently placed not only in the slice 
selection direction but also at either o f  the encoding axis based on the requirements.
Figure (3.12) Pulse sequence for FLASH flow acquisition Program.
The velocity encoding gradients location can be changed to encode in 
any of the other directions
The pulse sequence chart in figure (3.12) shows the sequence details. The sequence 
included the RF soft pulse, which was applied sim ultaneously with the slice selection 
gradient followed by a velocity com pensation gradient, chapter two. At this point the 
region o f  interest was selected and the spins within the slice were excited as required. 
Then flow was encoded using the bipolar gradient in the required direction (in this 
case the slice direction), chapter two. This was followed by the phase encoding 
gradient, which encoded spins in one o f  the two directions, and the velocity 
com pensation gradient including the negative gradient, which dephased the spins in
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the third direction. The echo was acquired in the presence o f  the read gradient while 
the spins were rephasing again in that direction. For simplicity, the num ber o f  
‘acquisition sample points’ was made to equal the num ber o f  phase encoding steps 
(i.e. producing square image). A typical Te and Tr (time between each RF pulse) was 
approxim ately 8.5ms and 9ms respectively. To obtain two dimensional flow  patterns, 
the spins were encoded in two different directions, figure (3.13).
x velocity x velocity 
Dummy se, +ye se( ,ye
set bipolar bipolar
y velocity y velocity 
set +ve set -ve
bipolar bipolar
Delay
time
x[ nexp]
Figure (3.13) Typical sequence time sections.
Dummy pulses were used to establish a steady state. N is the number of acquisitions in the 
dummy set. Then two NsxNs acquisitions were obtained to encode flow in the first direction 
and another two NsxNs acquisitions were obtained to encode flow in the second direction. Ns 
is the number of acquisitions in the two directions. To produce a movie the whole sequence 
was repeated as required after a predetermined delay time.
The pulse sequence design has got several features. For example the total acquisition 
tim e was very short e.g. around 1.5 seconds, figure (3.12) and involved low RF power 
deposition. There was no need to wait for Ti relaxation time between acquisitions, as 
the tim e it took for the isochrom ats to return to initial state was very small due to the 
small flip angle. This allowed real tim e acquisition o f  events as they were happening. 
Also it made it possible to acquire a sequence for the event o f  interest e.g. drop 
relaxation, in ‘m ovie’ like fashion. H ow ever the penalty paid was a serious reduction 
in the Signal to Noise ratio . But although the sequence was very rapid, it required a 
finite set time. If  the m easured event for instance was faster than this set time (i.e. less 
than 1.5 seconds) then it would be im possible for the sequence to give accurate 
m easurem ents 64. Therefore the longer the events’ duration tim e, the more accurate 
the m easurem ents were. On the other hand if  the event was too slow then it would be 
insensitive to the velocity m easurem ent. This gave a narrow but suitable w indow o f 
acceptable events to monitor.
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The pulse sequence was also designed to be flexible and easy to adapt to the required 
task. For example param eters such as, bipolar gradients m agnitude and duration, 
could be easily adjusted. Also it w as possible to produce other im portant inform ation 
about the sample under investigation such as density images, chapter two. The ability 
to use high gradients, m ade it possible to produce very high-resolution images o f  a 
m icro-m etres or sub-m illim etre scale, chapters four, five, six and seven.
Since the introduction o f  FLA SH pulse sequence in 1986 by H aase 64, a  lot o f  
literature has been published describing several effective m ethods that could be
90 nn nc
im plem ented to im prove perform ance during acquisition ’ . A lthough Signal to
Noise Ratio (S/N) was low  com pared to conventional image sequences, the produced 
flow  patterns and density images was acceptable. Also quick acquisition w ith a  low  
angle shot, made artefacts resulting from  m otion during acquisition to be alm ost 
absent 64. M agnetic field inhom ogeneity norm ally increases w ith the increase o f  the
used m agnetic gradients, but using shim m ing gradients and image subtraction, chapter 
two, reduced these subsequent negative effects. FLASH sequence w as naturally 
sensitive to flow, but flow ’s negative influence on images was suppressed using 
suppression and com pensation gradients 76,77.
3.4.2 Gated 2-D Spin-echo MRI with Flow Gradient Acquisition Program
PG SE sequence was the second acquisition sequence program  used in this research 
work. It was w ritten using the same p-codes language and was designed to m easure 
flow  (not diffusion) periodically and accurately in specific positions at specific tim es 
o f  continuous repetitive cycles. This was proven to be an essential feature where fast 
m easurem ents were not as im portant as capturing periodic action while it was 
happening, chapter seven.
The program  was designed based on two dimensional spin-echo pulse sequence 
described in  chapter two com bined w ith the pulsed flow  gradients that were used to 
encode flow. Spins in the chosen slice w ere flipped 90°x and were m ade to form  an 
‘echo’ after the 180° pulse. The spins were encoded in the desired direction(s) using 
pulsed gradients before and after the second RF pulse, figure (3.14).
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Figure (3.14) Pulsed Gradient Spin-Echo (PGSE) 2-D Imaging Sequence. The pulsed gradients 
shaded in grey are shown in each axis for demonstration purposes only. During each experiment 
only the relevant gradients were switched on. Velocity compensation gradients were added to the 
slice selection and the read axes to eliminate movement effects on images. The gating command 
triggering the gated pulse was added to the P-codes spinsight program to synchronise the 
acquisition with the movement cycle. Spoiler gradients can be seen around 180° pulse
To optim ise perform ance as described earlier, velocity com pensation gradients were 
applied in the slice and read directions. The sampling in the read signal was made 
equal to the phase encoding steps. The positive and negative bipolar images were 
acquired in the same run, to m inim ise overall running time. The typical T r duration 
for each period was ju st under 10 m illiseconds. But it took an average o f  ha lf an hour 
to com plete a full acquisition image for each flow encoding direction. Unlike a 
FLASH flow M R imaging sequence, tim ing here depended on the m otor speed and 
cycle duration rather than the image acquisition time.
The PGSE sequence was ‘gated’ with a stepper motor. This feature allowed 
acquisition to be taken exactly at the same m om ent o f the cycle and resulted in the 
accurate acquisition o f  images. The program  also had the flexibility to acquire MRI 
signals at any instance o f  the cycle. Also by adding several acquisition averages (e.g.
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four), a feature not possible in a  FLA SH  sequence, these images gain a relatively high 
signal to noise ratio S/N. How ever the higher the S/N was m ade, the longer it took to
allowed an efficient random  noise reduction. In such a high m agnetic field achieving a 
hom ogeneous field was very challenging especially i f  there was m ovem ent involved. 
So in both cases shim m ing the m agnet to achieve a hom ogeneous m agnetic field 
forms an im portant part o f  the acquisition process. One should shim before acquisition 
and check that it is still shim m ed at every position o f  the acquisition sequence.
There w as evidence, refer to chapter four, w hich showed that i f  the phase noise due to 
‘unevenness’ in the field was subtracted using another stationary phase image the 
resulting image would be m uch clearer. Nevertheless shim m ing is still a  necessary 
task because the m oving parts create changes that needs clearing all the time. This is 
explained in m ore details in the section below. Spoiler gradients at each side o f  the RF 
pulses were used to destroy residual m agnetisation. The techniques used to increase 
S/N there w ere sim ilar to those used in  FLASH, figure (3.12). Susceptibility is 
another artefact, which causes distortions in phase m aps and choosing nonm agnetic 
m aterials helps reducing its effect, chapter two section 2.5.3.
The advantage o f FLASH over PG SE is obvious w hen one wishes to capture the 
velocities m aps in  a  sequence o f  a non-cyclic event such as a drop falling or drop 
relaxing, chapters five and six. One how ever has to make sure that the range o f these 
velocities fall w ithin the m easuring system ’s sensitivity. I f  the velocities are too fast 
m isregistration w ill occur and the velocity com ponents will not be acquired for the 
same instance leading to distortion, chapter four. I f  the velocities are too slow the 
system  will not detect them  at all. I f  the event is cyclic then PG SE has got an 
advantage over FLASH in that one can capture ‘a  single instance’ o f  a cyclic event at 
m uch lower and/or faster velocity ranges. This is because w ith PG SE the acquisition 
period passes in m uch shorter tim e (e.g. few  micro seconds) while collecting the 
complete data set takes m uch longer (e.g. m inutes to hours) depending on the cycle 
duration and the num ber o f  averages. But w ith FLA SH all acquisition and collecting 
data happens together over few  seconds range, m ore discussion about this will be 
covered in chapter eight.
com plete data acquisition. The accurate acquisition ‘snapping’ described above, has
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3.4.3 F L A SH  Im age P rocessing  P ro g ra m
This image processing program  was w ritten using IDL -  a  program m ing language. It 
was designed to process data produced by FLA SH flow acquisition program  described 
above. The aim was to produce the flow  patterns o f  spins at the desired acquisition 
instances. Figure (3.16) shows a sequential chart that demonstrates how  it works.
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Action Comments
Read ASCII data and 
store it in a floating 
array.
Reform data in the floating 
array into complex 3D matrix.
Fourier Transform data and 
save it in similar 3D ‘fourier- 
data’ matrix format. Then create. 
noise masks.
J
Calculate the phase for each 
matrix and store the results in 
new ‘phase-data’ 3D matrix.
Subtract positive from 
negative bipolar phase data 
and save results in a new 3D 
matrix.
Reading and storing processes are graphically demonstrated 
in figure (3.17).
This rearranged the above array and has formed a complex 3D 
matrix of (n/2xNsXNs) in size.
The newly formed Fourier-data (n/2XNsXNs) matrix was also in 
a complex format. It contained all information needed to extract 
the required phase data. The details of this 3D matrix are shown 
in figure (3.17). The masks created for each subset have 
cancelled most of the random noise surrounding the object of 
interest.
To calculate the phase for each matrix [tan-1 (imaginary/real)] 
was used and results were stored in ‘phase-data’ 3D floating 
(n/2xNsXNs) matrix. Phase unwrapping -section 3.4.3- 
processing was applied here, figure (3.18).
The resulting new 3D floating (n/4xNsXNs) matrix was half 
the size compared to the above matrix, figure (3.18). Density 
images was added and displayed.
Calculate the velocity maps at 
each plane of the matrix 
above.
The resulting matrix was a 3D floating (n/4xNsxNs) matrix, 
figure (3.19)
Combine the velocity maps 
components and make the 
flow patterns arrows maps.
The resulting new 3D floating (n/8xNsxNs) matrix was half 
the size compared to the above matrix, figure (3.19) and 
contained the required flow information.
Figure (3.16) Steps to produce flow patterns using FLASH 
image processing program.
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Figure (3.17) The initial stage for rearranging the raw data which came as ASCII file (American 
Standard Code for Information Interchange), into complex matrices. The floating array of (n 
xNsxNs) data points contained all the FLASH sequence acquired data. The first half of the row 
contained all real data points and the second half contained all imaginary data points. The first, 
say x direction (2xNsxNs) positive and negative bipolars real and imaginary points were stored in 
the first and second matrix subsets respectively in complex matrices format. The same was done 
for the y direction positive and negative bipolars real and imaginary data points. Then the x 
followed again then the y and so on. The final outcome was a 3D complex matrix (n/2xNsxNs).
Masks were created to suppress surrounding random noise. (ASCII definition taken from 
Hyperdictionary URL: http://www.hyperdictionary.com)
The resulting acquisition data came in an ASCII form at in the form o f  a single row. 
The row carried the digitised sam ples o f  M RI flow information using two alternate 
bipolar gradients in two different directions form ing the plane where the flow  patterns 
were required. This row  was rearranged into a 3D complex matrix, figure (3.17) and 
(3.18) then processed to extract the required phase data.
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n/2
n/4
Ns data points
Figure (3.18) The processing stages after subtracting phase maps. Phase unwrapping was applied
to the resultant phase maps.
The resulting phase m aps are norm ally ‘phase-w rapped’. This norm ally happens 
because the obtained phase exceeds ±  n !2 , due to the periodic nature o f  phase 
m easurem ents. The excess aliases the phase back to a  value betw een tc/2 and - n /2  
therefore the resultant phase m ap ends up being a false representation o f  the actual 
phase. This problem  was norm ally elim inated through either bringing the sample
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velocity down -if  it can be controlled- below  the critical encoding velocity (Venc) (see
equation [3.2]) where phase w rapping does not happen or through using data-
unw rapping techniques 2. Both m ethods were used in this research, chapters four to
seven. It was helpful to be aware o f  the critical velocity by calculating it from  used
param eters e.g. to stop phase w rapping from  happening. The critical velocity
corresponding to velocity for phase equal to n /2  could be calculated using the
following equation which, was derived from  the original velocity equation, chapter
two,
7C
y x G x T '
[3.2]
In the second case how ever a specialist phase unw rapping program  was used (Image 
Analysis Group, FM RIB, Oxford) to correct the phase presentation in all subsets. 
A lthough the program  did m ost o f  the phase unwrapping it was noticed that in few  
cases that the resulting data w ould still need ‘m anual’ 90° or 180° phase subtraction or 
addition to com plete the phase unwrapping.
The phase’s positive and negative subsets for each direction were subtracted, chapter 
two, section 2.5.3. The resulting cleaner phase data was saved in a separate 3D m atrix 
h a lf the original size, figure (3.18). The velocity equation derived in  chapter two was 
used to obtain the velocity m aps in  the chosen directions. In effect, the resulting 
m atrices contained each pixel velocity com ponent required to present the flow  
strength and direction in the plane o f  the desired direction (xy plain in the exam ple 
explained here), figure (3.19). The data was then  presented in  a suitable form at as 
required, chapters four to six.
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The resulting velocity maps after substituting phase values 
in equation (D=0/yGx2), chapter two.
n/4
It was possible to present data in the 
absolute format where XY absolute
velocity = -^Vx2 + Vy2 or show it
using the arrows format. The 
arrows’ thickness represented the 
velocity magnitude and the direction 
showed where the spin ensembles 
were heading.
n/8
Ns data points
Figure (3.19) The final processing stages where velocity maps were combined to create the sought 
flow patterns maps for each acquisition instant of the ‘movie’.
From  the derived velocity equation it was clear that the higher the gradients values the 
m ore sensitive the program  becam e in m easuring low  spins velocities. H ow ever high 
gradients use increased field inhom ogenienty and susceptibility 31, w hich if  severe 
som etim es caused distortions in the produced flow  images that led to false 
presentation to flow  patterns. There are other errors associated w ith gradient in­
balance and switching artefacts. A t small velocities i.e. low  phase angles then 
susceptibility artefacts were m ore apparent. To m inim ise such distortion, acquisitions 
were obtained for samples in the presence o f  gradients while no m ovem ents or forces 
were applied. Then these images (containing w hat was term ed as ‘N o Flow Phase
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D istortion’ or NFPD for short) were subtracted from their corresponding phase 
images before producing velocities, figure (3.20) shows an example o f  such a process.
Figure (3.20) The top left hand diagram shows an acquired No Flow Phase Distortion map for 
doped water with no movements. Top right hand diagram shows a velocity map of the same 
sample but while dipper was moving with the No Flow Phase Distortion not being subtracted. 
The bottom diagram shows the same velocity map after subtracting the No Flow Phase 
Distortion, which is a more realistic representation to the flow pattern in the measured direction.
3.4.4 PGSE Image Processing Program
Raw data, in the form o f  a M RI signal was acquired using the PGSE acquisition 
program  described in section 3.4.2. The program  was set to acquire rows in the order 
shown in figure (3.21), which eventually form ed a m atrix o f (2xNs><Ns) complex data 
points. Unlike the FLASH acquisition program , the PGSE acquisition program 
acquired one flow image in one direction at a time, with the alternate bipolar gradient 
being set in the chosen direction. This explains the two planes in figure (3.21). To 
complete the set another acquisition was norm ally made with the alternating bipolar 
gradients being activated in the other direction o f  the desired plane. Figure (3.23) 
explains this process in details.
Velocity components Image with NFPD
■ Q1502 
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■  0 0 5 0 1
□ 0005
□ 0.050
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2Ns complex data points
A cquisition Stage (U ring Spinsight)
Data points for positive bipolar set. Data points for negative bipolar set.
oQ.
-a
x
a.
Eoo
Processing Stage Begin (Using IDL)
i •
j Real com ponents data points in j 1 1 | Imaginary com ponents data points in i
ASCII form at (2><NsxNs). !i ' i 1 i J
ASCII form at (2xN sxN s).
J
• •
Complex points in a row (2xNsxNs)
Step 1
Step 2
Step 3
i
Two Complex (2xNs*Ns) 
matrices representing the 
positive (left) and negative 
(right) bipolar.
Figure (3.21) Flow chart of acquisition and initial image processing stages 
for the gated experiments.
Acquisition took place at the very same instance o f the cycle using the described 
‘gating’ facility to map flow at that instance. This was normally achieved by sending 
the instructions to the m otor control units automatically. Once the two velocity 
components maps were acquired, they were then stored and processed together. The 
processing stage started by the program  reading, storing the data into two separate 
com plex matrices, figure (3.21), then subtracting these to obtain the velocity 
dependent phase maps. The result at this stage was two com plex data sets each 
contains information about the velocity in the same instance o f  the cycle.
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This show s where
Figure (3.22) A sketch demonstrating rolling and unrolling data.
In a few cases, images resulting from the first direction did not match in location with the images 
resulting from the second direction of the chosen plane even though they should have, image b. 
The term ‘rolling’ was used to describe this phenomenon. It was found that this was due to over­
shimming. Shifting the rows within the image upward or downward until both images match
corrected the ‘rolled’ image, image d.
The data were then examined. If  at this stage the two images were not aligned 
properly the processing program  corrected these by unrolling the rows until the 
images m atched up exactly as required, figure (3.22). This ‘ro lling’ happened in few 
cases where the shim m ing values were m ade too high aim ing for a stronger signal 
from the sample.
In velocity maps, phase is calculated for all pixels, not ju st for those with signal 
intensity. Hence the density image was used to create a mask. The random  noise 
surrounding the object o f  interest was rem oved by ‘zeroing’ all pixels w ith values far 
outside the expected values. The NFPD was then rem oved as before, section 3.4.3. 
The program  then, extracted the phase for each pixel in the two images o f  each 
direction as was done in the FLASH image processing program. The two resulting 
phase maps for each direction were then unwrapped using the same program  
m entioned in the above section. Som etim es the resulting phase images came with 
values 271 higher or lower than the expected phase values. This was norm ally rectified 
by instructing the program  to identify if  the phase data were higher or lower than the
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Step 8
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I
Two Complex (NsxNs) matrices 
representing the positive and 
negative bipolar raw data sets 
attached in one plane matrix.
2 Complex (NsxNs) 
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Phase data 
points
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Im age
1
Substituting Phase in 
V elocity  equation: -
v =  (f) l y G r 2
The velocity components o f the second direction of 
the chosen plane profile were produced using the 
same steps. Flow patterns was then produced from 
both velocity components’ maps.
Figure (3.23) Steps used to process data and produce flow patterns from 
PGSE acquisition run. Only one processing steps for one direction of the 
chosen plane is shown here. After the components velocity map in the 
plane’s second direction, was produced, the two were combined to produce 
the flow patterns as in FLASH image processing program.
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expected values then subtracting or adding 27t accordingly to achieve the correct 
phase maps.
o f  the velocity m agnitude and direction from  the two resulting phase m aps, a  flow 
patterns m atrix was form ed and displayed as w as carried out in FLA SH  image 
processing. Both density im ages were added to get a better S/N ratio o f  the displayed 
images, chapters four to seven.
3.5 Summary
This chapter explained the preparation w ork carried out including all the designed and 
used hardw are and software. It also highlighted the role each o f  these had in this 
research work. The next step is to check the efficiency o f  this unique com bination o f 
techniques and m echanism s for the purpose they were assigned for. This and m ore 
w ill be covered in the next chapter.
After using the velocity equation derived in chapter two, to determ ine the components
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4 VALIDATION EXPERIMENTS
T he a im  o f  th is  c h a p te r  is  to  d e m o n s tr a te  th e  v a l id i ty  o f  th e  e x p e r im e n ta l m e th o d o lo g y  
u s e d  in  th e  P D M S  f l o w  M R I  m e a s u r e m e n t e x p e r im e n ts  p r e s e n te d  in  la te r  c h a p te rs .  
U sin g  d o p e d  w a te r  th e  w o r k  h e re  is  d iv id e d  in to  th re e  m a jo r  ‘v a l id a t io n  e x p e r im e n t ' 
se c tio n s . E a c h  s e c tio n  e x p la in s  th e  th e o r y  b e h in d  th e  s e t t in g s  a n d  s h o w s  h o w  th e  M R I  
c a lc u la te d  p r e d ic t io n s  m a tc h  u p  w ith  th e  in d e p e n d e n tly  m e a s u r e d  a n d  c a lc u la te d  
f lo w s .  F in a lly  a  d is c u s s io n  a n d  c o n c lu s io n  is  a d d e d  to  c o n s o lid a te  a n d  r o u n d  u p  th e  
o u tco m e .
4.1 Vertical Flow Experiment
The aim  o f  this experim ent is to exam ine the original FLASH spinsight program  
designed to measure vertical flow only and test its accuracy. To achieve this aim the 
theory behind the experim ent is first outlined. Then the experiment is explained and 
the m easured and the expected flow  values are compared.
4.1.1 Poiseuille Flow
Suppose water flows in capillary tubes as shown in figure (4.1). The w ater enters one 
o f  the tubes heading downw ards and comes up out from the other tube, chapter three. 
In this case water flow  rate equals:
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Figure (4.1) To the left is the glass tube with two capillary tubes placed in the middle. Water 
enters one of the tubes and comes out from the other. To the right is a cross-section showing the 
position of the capillary tubes inside the tube where acquisition took place.
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W ater flow  rate, R  = jv . ds = J 2  n  v  r dr [4.1 .a]
s r
where water flow  rate R  is m easured in  m 3 /s, the velocity v in m /s and infinitesim al 
area ds in  m  . The s stands for the capillary tube cross-section and r stands for the 
capillary tube radius.
R
Average cross section velocity, Vave = --------  [4.1 .b]
A reas
W ater is a N ew tonian fluid which m eans that applied shear stress produces a flow 
w ith a constant shear strain rate. It has a relatively low viscosity 78 (approxim ately 10' 
3kg/m .s at 22°C). W hen it flows through capillary tubes, shear and friction forces from  
the surroundings deviate flow  from  the idealised situation, where all m olecules move 
in the same direction at the sam e speed. The no-slip boundary condition 78 dictates 
that the m olecules touching the tube wall should be stationary. The further one goes 
from  the wall the higher the flow  become. For a  lam inar flow  (i.e. where there is no 
turbulence occurring) this type o f  flow  is referred to as Poiseuille flow  78. A  cross 
section showing the nature o f  this type o f  flow  and the shear produced as a result is 
shown in figure (4.2) below. The equation governing this type o f  flow  is:
R  = AP it r 4 /  8 r| 1 , [4.1c]
W here P is the pressure (N/m 2), r is the radius (m), r| is the viscosity (N .s/m 2), 1 is the 
length o f  the tube (m) 78.
I f  one knows the volum e o f  w ater passing per unit tim e and the capillary tube cross 
section area, the average velocity can be calculated, equations [4.1] ‘a ’ and *b\ In this 
case the average velocity represents h a lf  the m axim um  velocity expected at the tube 
centre where the fastest water m olecules are passing. There are w ays to m easure this 
range o f  velocities inside the capillary tubes and as will be shown, M RI is one o f  the 
m ost effective non-invasive m ethods to do so.
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4.1.2 Measuring Poiseuille Flow Using MRI
FLASH flow spinsight program  was used to m easure velocity at the cross-section 
shown in figure (4.1), chapter three. The gradient strength ‘g ’ and tim e ‘t’ was 
adjusted using equation, V= AO / (2 .y .g .i2), chapter two. The glass tube shown to the 
left in figure (4.1) was placed in the magnet.
Tube Inner 
wall a
Tube Inner 
wall (a)
Figure (4.2) Graph showing typical flow and the shear strength in the capillary tubes with water
flowing inside.
The container where water comes out from was placed in a high position to allow 
gravity to induce the flow, chapter three. A valve was added to control the amount o f 
water going in and out o f  the capillary tubes. This arrangem ent m ade it possible to 
adjust flow to a known value, details o f  these arrangem ents are in chapter three.
0.15 cm/s
- 0.15 cm/s
Figure (4.3) Doped water density maps (a and c), phase maps (b and d). By subtracting these 
phase maps one gets the phase shift map that corresponds to the velocity map required (e). The 
direction of velocity measure was orthogonal to the capillary tubes cross section. The white circle 
indicates the flow is upward and the black is downward. From the grey scale located to image 
(e)’s right side, it is clear that the further you go from the centre of both capillary tubes the
smaller the magnitude of the velocity.
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F
The values used in the MRI program  are:
x = 2000x10 '6s, G = 0.2Tesla/m , y= 2 .675x l08rad/s/Tesla. The water flow valve was
# q
adjusted until the system dispensed 1cm in approxim ately 10 seconds. From the flow 
(the tube cross section a re a ~ 1 .3 2 x l0 'm  with 4.5m m  radius), the average velocity at 
this flow equalled approxim ately 0.075cm/s. In Poiseuille flow this corresponded to a 
m axim um  velocity o f  approxim ately 0.15cm/sec at the centre axis o f  the capillary 
tubes.
Point pt in the read axis
Point pt in the read axis
Figure (4.4) Quantitative 3D phase (upper left) and Velocity (lower left) maps. Cross-sections of 
Phase (upper right) and velocity (lower right) extracted from the 3D maps. The cross section lines 
passes through the white line shown in both 3D figures through the centre axis, so they show a 
the maximum velocity, that is approximately 0.15 cm/s as expected. The Poiseuille flow is very 
clear in both 3D images to the left and they are at opposite directions because water goes up in
one and down in the other.
4.1.3 R esults
After running the experiment, the output m axim um  phase and velocity was found to 
be 0.64 rad and 0.15cm/s respectively, figure (4.4). By com paring these with the 
calculated results they showed an excellent match. This in principle shows that the 
program  works well and produces realistic m easurem ents that can be used in the 
investigations. Although it proved in principle that it worked, this experim ent uses a 
relatively high velocity and does not dem onstrate that the program  works well at other 
lower velocities using higher bipolar gradients and bipolar duration. Other 
experim ents will be used for that purpose in next section.
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Several literature sources reported the use o f  sim ilar techniques. M ostly w ith m edical 
applications 39,79. Some com bine flow  sensitive gradients w ith FLA SH 77, SSF 51, 
PG SE 39, EPI 80. M erboldt e t  a l  77 for instance reported sim ilar experim ents to that 
developed and applied in  the capillary tubes experiment, but theirs were on tubes w ith 
different diam eters, except the entire samples w as excited and the bipolar gradients 
was incremented. In the study the results w ere very sim ilar to that found here and the 
outcom e correlated very well w ith the expected velocity values. O ’Donnell reported 
sim ilar results to those reported in here using the same technique to m easure velocity
• • R1 51com ponents in different tubes betw een 5 to 15 m m  in size . Hausm ann and e t  a l  
also developed a Phase Contrast PC technique com bined w ith M RI SSF A ngiography 
to m easure blood flow  in all three dimensions. H ausm ann technique reduced 
acquisition time, increased sensitivity to m easure slow flow  and suppressed 
background noise alm ost com pletely using the subtraction m ethod used in our work. 
Raguin e t  a l  studied unsteady and steady Poiseuille flow  in w hat is called Taylor- 
Couette gadget using M RI. The FLA SH acquisition sequence was chosen for its fast 
acquisition capability, to obtain m easurem ent for unsteady flow  and spin-echo 
sequence was chosen to study steady flow  for its relatively high S/N. The reasons for 
using FLA SH and spin-echo in  this research w ork are sim ilar to the latter 82.
4.2 Circular Flow Experiment
The aim  o f  this experim ent w as to verify another set o f  acquisition and image- 
processing program s, chapter three, by  checking that the produced flow  m easurem ent 
m atches up w ith the set values. The rotation m otion was used in this experim ent with 
doped w ater as the m aterial under investigation using the rotation m otion kit, chapter 
three. The experim ent was divided into two parts. Each part exam ines a separate 
acquisition and im age-processing program  and demonstrates their capabilities and 
efficiencies.
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4.2.1 Circular Motion
A dipper rotates in the m iddle o f  a  tube w ith w ater inside, as shown in figure (4.5).
The angular rotor velocity is equal to:
co =  de/dt, [4.2]
where co is the average angular velocity (rad/s), 0 is the angle the rotor covers (rad) 
and t is the tim e (s).
By know ing how  long the rotor took to com plete one revolution (0 =  2% rad) one can 
calculate its average angular velocity. One can also m easure the rotor tangential 
velocity. The tangential velocity is a  concept based on the fact that i f  you were to 
suddenly release the rotating object from  its orbit, it w ould fly o ff at a tangent from  
the point where it was w hen the release happened. This velocity is related to the 
radius. That is to say the sm aller the radius the sm aller the tangential velocity.
The form ula is as follows:
v = r  co, [4.3]
where v is the tangential velocity m easured in  (m/s), r is the radius m easured in (m) 
and co is the angular velocity m easured in (rad/s).
W ater touching the rotor wall m oves at a tangential velocity equal to the rotor wall 
tangential velocity due to the earlier m entioned no-slip boundary condition. The 
velocity then become lower as w ater m olecules get further away from the rotor wall
• 7 Rand zero at the outer stationary wall . Flow M RI experiments are ideal to measure 
this velocity in this case because as will be shown in section 4.2.3, the velocity 
dependant phase shift acquired, represents these tangential velocities around the rotor, 
as required 1.
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Figure (4.6) Motor input voltage needed to produce the required rotation setting.
The arrow showing the point chosen to run the experiment.
4.2.2 Measuring Tangential Velocity Using MRI (Part One)
The sample unit was placed in the magnet. Then it was allowed to rotate at a constant 
rate for a few seconds. The velocity was set using a m otor linked to the unit by a 
copper wire. Increasing the voltage input to the motor, increases m otor rotation hence 
increases the velocity, figure (4.6).
The rotation was set so that the tangential velocity at the rotor wall equalled about 
lm m /sec. W hile the sample was rotating a M R image was acquired from the vertical 
cross section i.e. the zy plane. The m otor was intentionally set to a relatively low 
rotational speed because we wanted to check how  sensitive the program  could be. The 
bipolar gradients were placed along the slice selection direction where they will 
directly encode the phase accum ulated from the tangential velocity.
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Figure (4.7) Graph used to set tangential velocity at the rotor wall. The arrow is pointing at the 
place selected to run the experiment. The experiment is successful if the MRI tangential velocity 
measurement at the rotor wall matches this tangential velocity.
By using the equation [4.3] the graph in figure (4.7) was made and the following 
param eters were chosen to test the program  sensitivity:
V = A(j) /  (2.y.g. x2), where: y = 2.675 xlO8 rad/s/Tesla, g = 0.6 mT, x =75 x 10"6 s and
V (set) = 0.001 m /s then A(|) (M ax) should equal 0.57 rad.
Notice that ‘g ’ was increased and V  was reduced for testing purposes to examine the 
program ’s flexibility.
4.2.3 Results and Conclusion
Figure (4.8) shows density and Vx velocity m aps obtained at the vertical (zy plane) 
cross-section from the centre o f  the glass tube, figure (4.1).
,4 , 9mm
Figure (4.8) Doped water density maps (a and c), wrapped phase maps (b and d) and the measured 
velocity map (e). The direction of velocity components Vx are orthogonal to the shown longitudinal 
cross-sectional (plane zy). The ‘invisible’ rotor in the middle was rotating so the water is black from 
the right indicating inward movement and white from the left indicating outward movement. From 
the grey scale it is clear that the closer the water to the rotor the faster it is.
- 0.001 m/s
0.001 m/s
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The data shows the qualitative and quantitative trends described in section 4.2.1 
circular motion. Images ‘a ’ and ‘c ’ show the density images o f  a slice o f  1 mm. 
Images ‘b ’ and ‘d ’ show the ‘w rapped’ phase images in both directions o f  the chosen 
plane. The scale to the right gives a good quantitative indication. The velocity image 
‘e ’ clearly shows the rotation process where the doped water to the right o f  the rotor is 
going in, represented in black and the w ater to the left is coming out represented in 
white. The colour intensity degree for each, fades away indicating the reduction in 
velocity values from both sides until it alm ost m atches the background grey which 
represents zero velocity. No phase unwrapping was done here. It is the m athematical 
subtraction o f  the two phase images that got rid o f  the phase wrapping.
£O
_ o
£
P oin ts  in th e  read  ax is
Point registered in the 
graph in figure (4.7)
P oin ts  in th e  read  ax is
Figure (4.9) Phase and velocity maps cross-sections. The value of 1 mm/sec corresponds to the rotor 
tangential velocity. The further the water gets from the rotor the lower its tangential velocity. The red 
lines show the expected values calculated from the given equation (4.3].
Figure (4.9) shows the above description in numbers. The figures at the bottom 
indicate that the m easured tangential velocity is around 1 mm/sec. It also shows the 
described reduction in velocity as one m ove away from the rotor. The irregularity in
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the figure is due to artefacts such as susceptibility 83. It is clear from the above that 
m easured tangential velocity at the rotor wall m atches well w ith the set one. As one 
goes further from the wall the tangential velocity gets smaller until it vanishes to zero
• • • 70 .
near the inner glass tube wall i.e. no slip boundary . This satisfactory outcom e shows 
that the program  is working well even at lower velocities as the set one.
4.2.4 Producing Flow Patterns (Part Two)
In this part three runs were taken at three different tangential velocities: 0.26, 0.37, 
0.7m m /s respectively. These were lower than the velocities in the previous runs. Each 
run was made to produce twenty different images in the xy plane: ten in the x 
direction and ten in the y direction.
Density Vx Vy -
O i
O V f
O i
O
•
O
O
O ■V C
O
r
t .
O *
•
O * .
O
______ ____* *1
0.26mm/sec 0.37mm/sec 0.7mm/sec
Figure (4.10) Three measurements at three different tangential velocities from left to right: 0.26, 
0.37, 0.7mm/sec. The images here show the density maps and the x and y velocity components. 
The degree of brightness increases as the velocity increases. The intervals between each of the 
images are the same for the three runs. The dotted line at the bottom shows an indication for the 
cross-sections taken, figure (4.11). The last image shows the no flow phase distortion to be 
subtracted from each of the above images to get rid of the artefact. The irregularities in flow are 
due to the imperfections in the rotation that leads to asymmetric maps.
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This experim ent used the same kit as in  part one and acquisitions were taken at the 
same interval tim es in all three runs. Investigations were carried out using one image 
from  each run. Com paring the three im ages was sufficent to m ake the point and 
achieve the aim behind these experiem ents. The program  was run on the same
m ade the tim e for detecting m oving spins longer. This m eant that the program  was 
m ade m ore sensitive to lower velocities.
4.2.5 Results and Conclusion
Grey scale velocity m aps correlated well w ith the expected velocity values, figure 
(4.10). Notice that for com parison reasons the sam e grey scale -w h ich  is placed to the 
right o f  the figure- was used for all images. The same trend could be found in all three 
sets o f  im ages but the degree o f  colour intensity fades away from  the higher velocities 
located to the right all the w ay dow n to the lower velocities in  the left indicating 
reduction in  the overall velocity values as expected. The x and y velocity com ponents’ 
were com bined to form  flow  patterns’ m aps. A rrow s’ lengths and directions represent 
the flow  strength and direction respectively. A s shown in the flow  patterns graphs to 
the right, figure (4.11), the arrows are aim ing to the direction o f  set flow. The arrows 
nearer to the rotor are longer indicating faster flow  due to no-slip boundary 
condition78 as expected. The figures to the left give a good idea about the quantitative 
values. As the arrows get further away from  the rotor they still point to the right 
direction how ever they get sm aller indicating slower flow. The no slip boundary 
applies at the tube inner surface so the velocity there is zero. The random  noise 
appearing in these images is due to the m inor m ism atch after the subtraction o f  the 
alternating bipolar gradients images.
For clearer quantitative representation, a  cross section was taken from  the y velocity 
com ponents’ m ap to illustrate the velocity values at each velocity, figure (4.11) to the 
left. The red straight lines indicate the predicted values and the irregular lines shows 
the m easured ones. These results indicate a  reasonable m atch betw een set and 
m easured values. A lso it shows that the acquisition program  sensitivity lim its changes 
hence its capabilities to m easure velocities as the param eters change. This shows that 
it is im portant to acquire data know ing that the param eters are suitable enough for the 
range o f  the m easured velocities.
param eters as the last experim ent except for x=2500 XIO'6 s. This increased t hence
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line number 12 of the rood map 8.
line number 12 of the read mop 9.
Figure (4 .11) Show n in the right colum n, one from  each o f  the 10 acquired flow  patterns at each  
velocities listed in figure (4 .10). Selected cross-sections from  the Vy m ap at each o f  these velocities  
are show n to the left. T he red lines illustrate the predicted values. T angentia l velocities are (from
top): 0 .26, 0 .37 and 0.7m m /s.
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4.3 Reciprocal Motion Experiment
The aim  o f  this Experim ent was to exam ine the spin echo flow  program  and its 
capabilities using doped water. This can be achieved by checking the program  results 
against the predicted values using physics laws.
F igure (4 .12) T ube w ith  doped w ater  in it. T he d ip per m oves up and dow n d isturb ing  the w ater
and causing  flow  patterns.
4.3.1 Reciprocal Motion
Figure (4.12) is showing a sketch o f  the glass tube containing doped w ater as part o f 
the reciprocal m otion kit, see chapter three for details. The tube was placed inside the 
m agnet and was linked to a  m otor from  the top, figure (4.13). The m otor was ‘gated5 
w ith the acquisition spinsight program  to acquire m easurem ents at specific tim es o f  
the repetitive continuous reciprocal cycle.
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Link pivot
Dipper pivot
I f  pivot starts 
here then<|> =  0
z - A  Cos(27ti/T+ (/))
0 50 mm
—  = -A (2x/T) sin[(2 nt/T) 
dt
where,
z Dipper tip position (mm)
A amplitude (mm) 
t time at position z (s)
T cycle time (s) , and 
(j) arbitrary starting angle (rad).
F igure (4.13) T he m otor rotates the cylin der in a uniform  speed com pleting  one revolution  every  
four seconds. W hen  the d ipper p ivot is a t the d isc ’s h ighest and low est points, the d ipper tip ’s 
velocity  is zero. W hen it is at the left or righ t o f  the rotating d isc th e  d ip p er’s ve locity  is m axim um
but at opposite d irections.
The equation governing the dipper’s reciprocal m ovem ent is as follows:
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z(t) = A Cos (cot + ()>) [4.4]
where,
z is the position o f the dipper tip at a specific tim e (mm).
A is the amplitude the dipper covered (mm), 
t is the time at position z (second).
T is the reciprocal cycle period (second).
(J) is an arbitrary starting angle (Rad).
Figure (4.14) shows the dipper tip ’s position versus time. It also shows the times 
where the seven acquisition experim ents took place during the cycle (arrows and 
circles).
The velocities o f the dipper tip at each o f  these positions were calculated by 
differentiating the equation [4.4]. The result is as follows:
dz
"ch
= - A  co [Sin(cot + (j))] [4.5]
dz
—  represents the velocity o f  the dipper tip at tim e (t) m easured in m/s. Figure (4.15) 
dt
shows these results by plotting the dipper tip velocity versus cycle duration 84.
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Velocity in time
Figure (4.15) Dipper tip Velocity versus time (curvy line). The figure also shows the predicted 
velocities of the tip at each of the seven acquisition experiments (circles and arrows).
Taking both charts in figure (4.14) and (4.15) into consideration, it is easy to predict 
the dipper tip velocities at each position o f  the acquisition experiments.
3.4.2 Mapping Velocity Profiles Using PGSE MRI
The spin echo program  used, see chapter three, was gated with the m otor in the 
reciprocal m otion kit. This experim ent was designed to obtain the y and z velocity 
com ponents maps at all positions shown in figure (4.14) for m otor speed o f  1 mm/sec. 
Several runs were made and each run obtained the velocity com ponents’ map in one 
o f  the z or the y directions at the previously shown positions, i.e. in the frequency and 
phase encoding directions respectively. It took about half an hour to complete each 
run. The velocity com ponents obtained by substituting the resulting phase shift in the 
equation:
V = AO / (2.y.g. 8. A), where,
y = 2.675xlO 8 rad/s/Tesla, g = 0.6 mT/m, 8= 1 ms and A= 7.1 ms.
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4.3.3 Results and Conclusion
Chosen
Line
3
I
Figure (4.16) z and y velocity components maps produced when dipper was at position number 
two, figure (4.15). Extreme black and white patches are random noise resulting from mismatches 
in subtracting alternating bipolar gradients images. The dotted line shows the position where 
velocity data was taken to calculate flux, section 4.3.3.2.
Figure (4.16) shows the results produced at position two. The dark areas around the 
dipper in the z velocity com ponents’ m ap to the left indicate that the dipper was going 
downward with the doped w ater directly around it moving at the same velocity. W hile 
the dipper was m oving, its tip was cut through water straight underneath it hence 
creating a current where the doped water move sideways out o f  its way, hence the 
presence o f  opposite flow direction (white) nearer the glass tube edges and in the y 
velocity com ponents map. The w ater nearer the tube wall in both images indicates a 
very low velocity reaching alm ost zero. This is because it is not so m uch affected by 
the happening event. The black and white directly present under the tip in the y 
velocity com ponents’ map indicates the sideways m ovem ent o f  the doped water at the 
dipper base. Other areas in the Y velocity section witness little action because most 
m ovem ents are either up or down i.e. in the z direction.
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Figure (4.17) The flow patterns formed by combining z and y velocity maps.
The flow patterns constructed from z and y velocity components m aps shown in 
figure (4.17), visualises the direction and strength o f  flow at position 2 in a more 
direct way com pared to figure (4.16). The figure clearly dem onstrates the movem ent 
o f  water while the dipper was going down. It shows the water underneath the dipper 
going sideways, the water nearer the glass tube wall going upwards and the water 
nearer to the dipper going downw ard but in a m uch slower fashion.
4.3.3.1 Other Quantitative Data
Figure (4.18) shows the chosen line o f  the data presented in figure (4.16) and (4.17). 
The line showing the z velocity com ponents in the figure to the right indicate a 
downward velocity o f  about 0 .00 lm /s near the rotor wall (the m iddle area) and a 
slightly less upward velocity w ith different trend near the glass wall. Com paring the 
velocity, which was calculated in figure (4.15) with the velocity near the dipper, it is 
clear that they m atch very closely. There is hardly any y velocity components detected
UniS 9,
at that position. This indicates that the program  works as intended and the m easured 
data is realistic for the investigation.
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Figure (4.18) z velocity components (left), y velocity components (right). The y velocity 
components show little activities at the chosen cross section than the z velocity activities.
4.3.3.2 Dipper Plug Flow VS Doped Water Flux
In order to validate velocity m easurem ents even m ore, we com pared the dipper’s plug 
flow  in the w ater (i.e. its velocity m ultiplied by its area at a  specific unit tim e, 
equation [4.6]), w ith the surrounding w ater’s flux. The latter can be defined as the 
water volum e flowing in/out at the same unit tim e and can be calculated using 
equation [4.7]. Because w ater in not com pressible its flux up past the dipper m ust 
equal the w ater displaced by the dipper. The dipper’s velocity values were taken from 
figure (4.14) and w ater velocity values were taken from  the experim ents’ 
m easurem ents. This com parison was m ade at each o f  the seven d ipper’s positions 
shown in figure (4.14).
The equation for plug flow  used w ith dipper velocity is,
Plug Flow  F = 7rrd2v d(t) [4.6]
where,
m 3
F is defined above and its units are (-----),
s
rd is the dipper radius (m),
v d is the dipper velocity (m/ s),
t  tim e w hen flux is calculated (sec).
The red line in the chart in figure (4.19) shows the calculated flow produced from the 
dipper’s velocities at the different cycle positions using equation [4.6]. This is then 
com pared w ith the water flux calculated from the produced m easurem ent by using the 
following equation:
Flux(m 3 / s) = ^  27urwdrwv(rw), [4.7]
where,
rw is the pixel location relative to the centre o f glass tube (m). 
drw is the pixel size (m).
v(rw) is the measured velocity at the pixel location R (m/s).
The m easured velocity v(rw) here was taken from  the z velocity com ponent MRI 
m easurem ents around the dipper at all dipper positions shown in figure (4.14).
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P o s it io n s  sh o w n  in figure (4.14)
Comparison between measured and calculated flux using the z components .
-a— m easured  w ater flux
Calcu la ted  from d ip p e r vel
Figure (4.19) Graphs presenting the flux calculated by multiplying dipper area by the velocity at 
the position compared to doped water flux calculated by multiplying the circumference where 
water at the same dipper positions. In theory both values should be the same. However dipper 
flux shows a more regular pattern compared to water flux
Figure (4.19) shows that the flux calculated from dipper velocity m atches well with 
that calculated using z velocity com ponents M RI m easurem ents as expected. Some 
error exists because o f  factors such as the system ’s sensitivity to the continuous 
changes in flux. Also the m easured flux values are a function o f  the finite pixel size 
and the limited num ber o f  m easurem ents taken in the z direction only. O ther factors 
also influence this com parison such as susceptibility 2’83, which was reduced at some 
stage o f  the image processing, but as shown residues can still persist to exist.
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The w ork carried out in this chapter is considered a stepping stone for the w ork that 
w ill be presented in  the com ing chapters. Three different experim ents were carried out 
using doped water. Each experim ent exam ined the capability o f  the program s used in 
this research to do what they are designed for. These experim ents were chosen 
am ongst other experim ents w hich have been perform ed to optim ise the flow  M RI 
param eters to achieve the best outcom e. A fter investigating the results and com paring 
them  w ith  other sim ilar w ork reported in literature, it was found that the program s 
were quite efficient and perform ed well enough to be used for the studies to come. It 
was recognised however, that using PD M S is not the same as using doped water. 
PDM S has got different characteristics (e.g. viscosity) and under the same 
investigative techniques, it reacts differently to M RI flow  m easurem ent. So were 
considered necessary, m ore ‘validation experim ents’ were perform ed using PDM S to 
strengthen the system  validity. Each o f  these experim ents is explained later on, in 
their relevant chapters.
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4.4 Sum m ary and Conclusion
Chapter 5 Falling Drop Experiments
5 FALLING DROP EXPERIMENTS
The a im  o f  th is  c h a p te r  is  to  p r e s e n t  a n d  a n a ly s e  th e  f i r s t  o f  th e  th re e  m a jo r  
e x p e r im e n ts , in v e s t ig a t in g  th e  d e v is e d  M R I  f l o w  to o l  u s e d  to  p r o d u c e  a n d  s tu d y  
d e f o r m e d  d r o p s '  f l o w  p a tte r n s .  In  th is  e x p e r im e n t th e  d r o p  is  l i f te d  a n d  le f t  to  f a l l  
u n d e r  th e  in flu e n c e  o f  g r a v ity .  The p r o c e s s  is  d iv id e d  in to  th re e  d if fe r e n t s ta g e s , e a c h  
to  b e  c o n s id e r e d  a s  th e  p r e p a r a to r y  s ta g e  f o r  th e  o n e  to  f o l lo w  c u lm in a tin g  in  th e  la st. 
The a im  o f  th e  f i r s t  s ta g e  is  to  u se  th e  M R I  p r o d u c e d  f lo w  d a ta , to  id e n tify  th e  p r o p e r  
r a n g e  o f  th e  d r o p  v is c o s i ty  to  w o r k  w ith . The a im  o f  th e  s e c o n d  s ta g e  is  to  re fin e  th e  
r e s u l t in g  v e lo c i ty  m a p s , w h e r e  r e m a in in g  n o ise  a n d  a r te fa c t  a r e  to  b e  r e d u c e d  to  a  
m in im u m . The a im  o f  th e  th ir d  s ta g e  is  to  p r e s e n t  a n d  e x p la in  th e  r e s u l t in g  f l o w  
p a t te r n s  in th e  lig h t o f  f in d in g s  a n d  th e  r e le v a n t  l i t e r a tu r e .
5.1 Stage One: Identifying the Right Drop
This stage was designed to obtain sequential flow patterns o f  PDM S drops o f  different 
viscosities, while they were falling freely in a solution o f  deuterated water and 
deuterated m ethanol imm iscible w ith the drop, chapter three. This solution has a much 
lower viscosity than the PDM S. Six different lifting speeds were investigated. The 
aim is to identify the best set o f  drops and lifting speeds to use in the stage to follow.
5.1.1 Experimental Set Up
The same procedure was used for each run that is: to lift the drop and pull it away 
from the tube base while it was attached to the dipper, then let it detach and fall freely 
figure (5.1) at six different lifting speeds. After that ten different velocity m easuring 
acquisitions captured the action in the direction o f  fall -z direction- and in the y 
direction, using FLASH flow acquisition program , chapter three. The x direction was 
intentionally ignored as one m ust assum ed that the problem was axially symmetric 
hence the data in the y direction w ould produce the same flow  patterns as that 
produced in the x direction.
Table 5.1 Details of drops used in this stage________________
Drop
No.
Viscosity Ratio 
lOOOcSt to lOOOOcSt
100:0
80:20
60:40
50:50
40:60
20:80
0:100
Notes
The Least viscous
Most viscous
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This experim ent was not done before, so it was not clear how the drops w ould react. 
Seven drops were prepared ranging from viscous to very viscous, table 5.1. The 
viscosity was changed by m ixing PDM S lOOOcSt and PDMSlOOOOcSt and changing 
the m ixture concentration percentage as shown in table 5.1. Before the experiment 
started, drops were prepared and placed in the m agnet as explained in chapter three. 
Initially the dipper was pressed into the drop and left for a short while so that both the 
dipper and the drop “bond together”, figure (5.1). Before it started, the program  sent 
instructions to the stepper m otor control unit, which in turn sent a com m and to the 
stepper m otor to lift the dipper w ith the drop stuck to it at a pre-set pulling speed. The 
acquisition o f  ten velocity m aps started imm ediately after. The tim e taken for each 
acquisition was about 1.2 seconds. The experim ent was set so that the intervals 
between each o f  these ‘m ovie’ images were 2.5 to 3 seconds. This experim ent was 
repeated at six different drop lifting tim es ranging from quick, e.g. 1 second, to slow, 
e.g. 3.5 seconds. These were used so we can study the drop’s initial reaction before 
falling and whether this reaction affects the falling process. In addition a single 
acquisition was acquired for each drop (last frame, figure (5.2)) three m inutes after the 
first acquisition was completed. This data was used to check how  the drop settles and 
to have a reference for the residual phase accum ulated due to field inhom ogeneity that 
still existed after the im plem entation o f  image processing and noise reduction process, 
more about this will be covered later on. ▲ .
UP m otion
shaft
Tube - 
holder
Glass Tube.
Non-Viscous
Liquid
Viscous drop
Down
m otion shaft
w
Shaft Holder
Liquid
matrix
Tube > 
holder
Glass Tube
Non-Viscous
Liquid
Viscous drop
glass Dipper
-Liquid
m atrix 2
Figure (5.1) The process of lifting the drop before acquisition started. (1) The dipper is dipped 
into the drop and kept there for a short while to bond. (2) The dipper lifted the drop up 50 mm at 
six different speeds in which acquisition started immediately after the lift.
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Looking at the general behaviour o f  drops, it was found that drops 1 to 4 did not bond 
well to the dipper. Those that did (drop 5 to 7) bonded but fell quickly at all lifting 
speeds except drop 7. The case is m ore so at the higher lifting speeds than at the lower 
ones. It was noticed, however, that drop 7, table 5.1, responded better where the drop 
bonded well to the dipper and fell betw een the fifth and the tenth fram es within all 
lifting speeds. It was expected that once the surfactant is added, the drops would fall 
quicker so there would be enough tim e to capture the event. The details as to why this 
was the prediction will also be covered later on. Therefore, it was concluded that, drop 
seven was the m ost suited for the next stage o f  this experiment.
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5.1.2 Stage One Results and Conclusion
Figure (5.2) Ten density maps (to the left) and ten z and ten y velocity 
components of one of the runs for drop number 7. The figure is clearly 
showing the sequence of events straight after letting the drop fall 
freely from the tip of the dipper. The grey background is zero velocity 
so the white is moving up. The black and white dots is in the corner of 
each frame (black lines were added here for more clarity). The drop 
started forming a neck in frame six. That is about 18 seconds after the 
lifting of the drop. It completed its detachment and fall just after 
frame ten. The eleventh drop frame is taken 3 minutes after the drop 
completed its fall. The black spot in the frame before the last could be 
either an artefact or an inertia reaction to the detachment action. 
Vertical line number 14 was marked for demonstration purposes.
Vertical line 
number 14
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5.2 Stage Two: Noise and Artefact Reduction Vs Data Validity
The aim  in stage two experim ents is to dem onstrate how noise was reduced in the 
velocity component m aps for drop num ber 7 to a level that will not affect its validity. 
Then to explain the general trend followed by all drops as they fall to prove that the 
noise and artefacts m inim isation processes have worked.
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5.2.1 Experimental Set Up
The same data produced from drop num ber 7 in the last stage shown in figure (5.2), 
was used for the investigation done here. The lifting speed for the drop under 
investigation -which was random ly chosen- is 2 seconds.
Figure (5.3) Ten density maps (to the left), ten z and ten y velocity 
components of the chosen run for drop number 7 acquired while it was 
not moving. The figure is clearly showing the y and z phase residuals 
due to field inhomogeneity. This data set was used to reduce the noise 
in the frames shown in figure (5.2) where the drop was falling. The 
artefacts in the z velocity components are more severe than the y 
velocity components. The last frame shows line number 14 in the z 
direction as a reference.
The run set in figure (5.3) above was acquired for the same drop (i.e. drop num ber 7) 
while it was not moving. The next section will illustrate why this was essential in the 
noise and artefacts clean up.
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5.2.2 The No Flow Phase Distortion (NFPD) Artefact
It is been explained in chapter three, section 3.4.1 that after acquisition, image 
processing software IDL was used to process the raw-acquired data, clean the noise 
and artefacts and produce the flow patterns. The data here was processed identically 
to that o f  the water experim ent in chapter four. Except in this experim ent, it was not 
possible to clean NFPD using the sim ple subtraction method used w ith the doped 
water experim ent as the drop here has boundaries with the surrounding m atrix that did 
not exist in doped water. It is envisaged how ever that filling the tube with PDM S and 
then acquiring a stationary image can be used to rem ove NFPD artefact. How ever the 
interface boundaries between the drop and the surrounding create more problem s due 
to susceptibility, m ore in chapter eight. These boundaries have a m ism atch with their 
correspondent reference images that have the NFPD, figure (5.3), so both images 
could not be subtracted as done before. The boundaries also led to the form ing o f 
gradients in the m agnetic field due to m agnetic susceptibility differences and 
increased its inhomogeneity. Susceptibility play a relatively bigger role here because 
these boundaries change and the dipper changes positions 2,83. One can see from 
figure (5.3) that the problem  is clearly m uch worse in the frequency encoding 
direction than in the phase encoding direction.
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Predicting NFP distortion in drop-test images
S e r ie s 2
S e r ie s 3
S e r ie s 4
S e r ie s 5
S e r ie s 6
S e r ie s lO
Figure (5.4) Selected lines randomly chosen from the vertical lines in data’s z velocity frames 
shown in figure (5.3). Ideally all dots should be at zero NFPD. The equation shown at the top and 
the red curve representing it were produced as a best fit to this NFPD. So this curve represents 
the NFPD that will be eliminated from all data afterward.
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N ow  as we had no other reference to N FPD  except these reference images, it was 
found that the best approach was to use the reference images to study and predict the 
trend o f  NFPD and use the predicted profile from  these reference images to rem ove it, 
figure (5.4). The details o f  this m ethod are reported below.
5.2.3 Predicting and Removing NFPD
The NFPD was found to have a slightly different profile in each frame. But it was 
clear that all profiles had a very sim ilar system atic trend, where it increased gradually 
from the image bottom  to its top in the vertical z direction, figure (5.4). The noise’s 
apparent regular trend in all images m ade it easy for one to predict its behaviour. So a 
second order curve was fitted through a group o f  random ly selected curves, figure 
(5.4). So the data there was left as it was.
5.2.4 New Reference Data Statistics
To check the degree o f  the above treatm ent efficiency, the data in the new  reference 
images were subtracted from the data in the old reference images to get rid o f  the 
NFPD in them. Then statistical analysis described below was carried out to the 
resulting images.
5.2.5 Analysis and Results
After conducting the subtraction process above, random  velocity com ponents points 
were chosen from all fram es o f  the rem aining data (which in theory should be zero). 
These points were chosen from both the y and z directions, figure (5.5.a).
Random 
points 
chosen for 
statistical 
analysis.
Velocity components 
in Y Direction
Frame 1 of treated 
stationary velocity map
Frame 1 of treated 
stationary velocity map
Velocity components 
in Z Direction
Figure (5.5.a) Five randomly selected points were chosen from treated frames and their mean
and standard deviation were calculated.
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randomly selected points y randomly selected points z
same paints y same point z
Figure (5.5.b) The mean values in measured velocity in both the y (top left) and the z (top right) 
of the randomly chosen points from all frames in drop-test data sets. This is after the subtraction 
of the NFPD. The standard deviations in measured velocity were also obtained to confirm the 
results. The values are very small compared to the minimum velocity values expected from the
experiments, so they are negligible.
In figure (5.5.b) the top two charts show the m ean values in m easured velocity for 
these random  points in the ten frames. By com paring scales, it is clear from these 
charts that the values in the z direction are higher than these in the y direction. 
However as will be an evident later on, in both cases these values are very small 
com pared to data when the drop is m oving. So it was found that the rem aining artefact 
and noise could be safely neglected. The standard deviation for each case also led to 
the same conclusion.
N ow  the real test to consolidate the evidence for the above conclusion is to see if  the 
predicted velocity components correlate well w ith the m easured velocity components 
in both directions y and z.
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Figure (5.6) Calculated and measured distances (to the left). Calculated and measured z velocity 
components (to the right) for each frame of the data under investigation.
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5.2.6 Calculated Velocity
Figure (5.6) (blue chart to the left) shows the calculated drop distance betw een fram es 
using the initial falling position in  fram e one as a  reference. This is found by 
calculating how  far is the position o f  the centre o f  gravity in each fram e relative to the 
reference position. Then one subtracts the V z value o f one frame from  the z value o f  
the following frame. This gives us the average distance that the drop bulk  liquid has 
m oved w ithin the tim e betw een the two fram es in pixels units. I f  this value is 
m ultiplied by the p ixel’s size, w hich is equal to the field o f  view  in m etres divided by 
the num ber o f  pixels, the results w ill be the distance m oved in m etres. D ividing this 
distance by the tim e betw een the fram es gives us the calculated average velocity 
presented in the blue line in  the graph at the right hand side.
5.2.7 Measured Velocity
The m easured velocity values line, the orange line (right hand side graph) in figure
(5.6) are found by finding the average o f  all m easured velocities in the first frame then 
the second frame, adding these two values together then dividing the outcom e by two. 
The m easured distance, the p ink line (left hand side graph) is found by m ultiplying the 
m easured velocity (m/s) by the tim e (s) betw een the two frames, figure (5.6).
5.2.8 Discussion
One can deduce from  the graphs in figure (5.6) that the average velocity before the 
drop falls, where the circle and the arrow  are pointing, is in  close agreem ent w ith the 
calculated velocity as required. The sm all differences are due to m any imperfections, 
w hich usually exists in any m easuring system. In addition -critica lly  speaking- we are 
not really m easuring the exact sam e thing here, as will be clearer form  the explanation 
to follow. Outside the circle and w hen the drop falls, the calculated velocity, w hich in 
this case represents the bulk behaviour o f  the PDM S drop, increases dram atically, 
especially w hen the drop is detaching from  the dipper. The average ‘inner’ velocity o f  
the PDM S m olecules however, did not change in  the same m anner and continued to 
fall to alm ost zero. This is because at that necking and detaching point (see next stage 
section) the predicted velocity reflects the bulk m ovem ents o f  the drop while the 
m easured velocity represents the average inner m olecular m ovem ents at the instance 
o f m easurem ent only.
Once the drop settled at the bottom , the two values started to be close to each other 
again. They were not as close as w hen the drop was falling because a lot o f  the 
m olecules then were starting to settle at the bottom  with zero velocity and the average 
values started going down while the centre o f  gravity was still m oving down m aking 
the predicted velocity higher. I f  the ‘m ovie’ continued being m easured certainly both 
values w ould have jo ined  at zero velocity as the drop in the end w ill surely settles 
com pletely at the bottom  w ithout any apparent m ovem ents.
5.2.9 Stage Two Conclusion
From  the above results and analysis one can conclude that the m ethods used to clear 
the noise have been successful and the resulting velocity M RI m easurem ents m ake a 
reasonably accurate account for the w ork to follow.
5.3 Stage Three: Flow Analysis and Effect of Surfactant
Stage three is designed to exam ine drops using the same experim ent described above 
w ith and without surfactant and analyse their reactions to the applied gravity force.
5.3.1 Experimental Set Up
The PDM S drop under investigation (10000 cSt) here was tested first w ithout 
surfactant then at three increm ental degrees o f  surfactant concentration, one at a time, 
as described in chapter three, section 3.3.6. For each case acquisition were m ade at six 
different lifting speeds as described in stage one. D ata at one o f the lifting speeds 
were excluded from the analysis because vibration in the reciprocal rod affected the 
results.
5.3.2 Results
The run shown in figure (5.7) represent a typical set for one o f  the drop sets that was 
chosen random ly for dem onstration purposes. The sequence represents a  typical run. 
The differences is norm ally found in the tim ing o f  the fall.
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Figure (5.7) The density maps for each frame while the 
drop was falling is shown in the left column. The grey scale 
images of the drop’s y and z velocity components are 
shown at the middle and in the right columns. The y 
velocity components had little or no velocity components 
compared to z, because the movement was mainly in the z 
direction. The black colour in the map indicates a 
downward movement. The eight, ninth and tenth images 
show how the neck retracted and became thinner while it 
was getting smaller before detachment. Upwards velocity 
was recorded (white colour) during this process. 
Misregistration artefact happens when acquisition timing 
becomes slow compared to the fall speed leading to a 
mismatch between processed images. Misregistration is 
apparent in some of the images (pointing arrow).
From exam ining the sets it was found that the instant the drop started to detach is not 
correlated with the speed. The initial assum ption was that when the drop was lifted 
quickly it would detach quicker due to the inertia resulting from the resistance to 
upward m ovem ent o f  drop’s weight being an added influencing factor for necking and 
quick detachm ent even though the upward m om entum  might tem porarily slow it 
down. Com paring the tim ing o f  fall for the range o f  speeds at a specific concentration 
showed that this was not the case. Instead, the drop seems to fall random ly, figure 
(5.8). This was noticed for all drops and for all surfactant concentrations.
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Complete set for drop of 10000 cSt with no added surfactant
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Figure (5.8) Each column shows the density maps (D) and the z velocity components (Z) maps. The 
lifting times ranges from Is for ‘a’ to 3.5s for T  and incrementing 0.5s between each set. The sets 
clearly demonstrate that the drop detaches randomly and that there is no correlation between the 
motor’s speed and the drop detachment from the dipper as was initially assumed.
H ow ever when the experim ents for each specific lifting speed were compared 
separately at each surfactant concentration, the story becomes different, as some form 
o f  correlation was noticed in figure (5.9) shown below.
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Com plete set for drop o f  10000 cSt with all surfactant 
concentrations
a b e d
Figure (5.9) Evidence that PDMS drops of the same viscosity fall quicker as the surfactant 
concentration in the surrounding liquids increases especially at lower speeds. The column to the 
left ‘a’ is with the no surfactant concentration, ‘b’ is with 1 part added, ‘c’ is with 2 parts and ‘d’ 
is with 4 parts, see chapter three for details. The drop did not detach during the ten-frame 
‘movie’ set is ‘a’, but detached earlier and earlier as the surfactant concentration increased.
To understand this correlation better, the charts in Figure (5.10) were formed. They 
represent the neck detachm ent versus frame num ber (i.e. versus time). By studying 
these charts, it was clear that the correlation betw een the detachm ent and surfactant 
concentration increases at lower speeds but is optimal at lifting tim e o f  1.5s (speed 
50). This shows a curious phenom enon that needs more investigation.
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Figure (5.10) Neck thickness in 
pixels ( note that each pixels is about 
0.47 mm) for each of the produced 
sets similar to that in figure (5.9) but 
with different viscosities, against 
frame numbers. Each chart 
represents a specific speed starting 
from the highest at the top (Is) to 
the lowest (3.5s) at the bottom. 
The graphs demonstrate that at 
lower lifting speeds the correlation 
between the surfactant 
concentration and the drop 
detachment becomes more apparent 
than at higher lifting speeds.
Neck th in n in g  at M o to r  s p e e d  12 
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5.3.3 A nalysis
This stage’s analysis aims to look into the details o f  the flow patterns at every part o f 
the above experiments. Also, in the light o f  these flow patterns, it aim s to explain the 
factors affecting the PDM S drop dynamic behaviour without surfactant and at
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different surfactant concentration degrees. The data used in the last experim ent will 
also be used here.
5.3.4 Presenting Flow
A ll flow  patterns were produced for all experim ents at all speed ranges using IDL 
image processing program , chapter 3. It was found that the drop falling process, 
regardless o f  the falling tim ing, consists o f  four m ain phases. First is the initial phase, 
w hen the drop hangs from  the dipper ju st after the lifting process. Second is the 
necking phase, w hen the drop is form ing the neck. Third is the detachm ent phase, 
w hen the drop neck thins and separates from  the dipper. Fourth is the settling phase, 
w hen the drop relaxes at the bottom  after detachment. M ost experim ents earned out, 
capture all the phases, w ith few  exceptions. The tim ing betw een fram es was kept 
fixed for effective comparison. The behaviour at each o f  these phases is as follows.
flow m ap 1. limit —  0,00500000
Figure (5.11) The drop slowly moves downward. A gradient is appearing where molecules nearer 
to the free boundaries are moving quicker compared to those nearer to the attached area because 
of the stretching happening above them. This gradient becomes steeper in time. The arrows at
the corner represent velocity of 5mm/s.
The initial phase: A t this phase, as can be seen from  the flow patterns in figure (5.11), 
the drop is hanging but all its bulk liquid is m oving downward. H ow ever not all the 
drop m oves at the same speed, so the shape changes. The drop m oves fastest at the 
bottom  so it gets longer. Also the m olecules nearer to the drop outer boundaries move 
quicker than those attached to the dipper. To explain this better one can im agine the 
drop as a  dynamic stack o f  very thin circular- slices o f  horizontal plates where these 
nearer to the dipper expands outward m uch m ore slowly than those further from  the 
dipper. As the form er plates becom e thicker, their outer diam eter gets smaller. The 
thin plates further from  the dipper also becom e thick and expand outw ard slowly but 
in the same tim e they m oves away from  the dipper because o f  the stretching and 
thickening process happening above them . In any case, this pattern o f  m ovem ents 
leads to the form ation o f  w hat can be crudely described as ‘three dim ensional velocity 
gradient’ along the z direction, figure (5.12). This gradient is assum ed to be the reason 
behind the next necking phase.
Chapter 5 Falling Drop ExperimentsIp
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Figure (5.12) Vertical cross-section of z velocity components for the frame in figure (5.11). 
The velocity gradients are starting to form. Negative velocity here means the drop is heading
downward.
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Figure (5.13) D rop  n eck  is form ing. T h e velocity  grad ient betw een the  
m olecules near the boundaries and those attached is irregu lar b ut m ore  
apparen t com pared  to figure (5.14).
F igure (5.14) V ertica l cross-section  o f  z  velocity  com ponents for the fram e in figure (5.13). 
T he drop is getting longer. D ata above zero is m isregistration  noise, w hich  only happens  
w hen the drop starts fa lling  rap id ly  during detachm ent.
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The necking phase: Follow ing from  the above description, the drop ‘p lates’ start 
shrinking, and during the same tim e they continue to move downw ard quickly, figure
(5.13). Throughout, there are two m ajor com plex forces working against each other 
like a tug o f  war. The first type o f  force is the net interfacial tension, A ppendix I, 
w hich works to hold the drop in a spherical form  keeping it attached to the dipper and 
preventing it from  falling. The second type is the drop equilibrium  weight 1, which 
w orks to pull the bulk liquid o f  the drop downwards hence increasing the drop 
curvature deform ity represented by this necking process. Considering the law  o f  free 
energy, one can argue that stretching increases the surface free energy while neck 
form ation lowers it. As tim e passes, the velocity gradient in phase one starts getting 
steeper because all the im aginary plates start m oving down faster. So the interfacial 
tension particularly that around the increasingly thinner neck gets w eaker com pared to 
the drop equilibrium  weight. A s a result the drop stretches m ore and form s a long 
filam ent 24 Once the drop hits the bottom  o f  the tube, the filam ent m olecules start a 
clim bing process, figure (5.15). The neck also could break before the drop gets to the
Figure (5.15) Near snap-off. The drop lower side is settling at the bottom of the tube. The drop 
upper side is moving upward and stretching to detach.
t  That is weight minus buoyancy. Uni© i n
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The detachm ent phase: The drop at the start o f  this phase has a very th in  filament. The 
net interfacial tension, particularly that around the long filament, starts to w in m aking 
it increasingly unstable and leading to detachment. Cohen et al described this process 
in their study o f  this snap-off problem  as the form ing o f  infinite curvature at the point 
o f  snap-off . The drop then m oves m uch quicker towards the bottom  o f  the tube 
because nothing is holding it from  the top anymore, figures (5.17) and (5.18). It was 
noticed during a point in this phase (particularly i f  the drop touches the bottom  before 
detaching) that the m olecules around the filam ent area move upw ard from  the drop 
side o f  the detachm ent for a  short period. The elongated filam ent surely ‘clim bs’ to 
the detachm ent point before snapping off, figures (5.16) and (5.17). M ore discussion 
about the findings is presented in  sections 5.3.6 and 5.3.7.
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Figure (5.18) Vertical cross-section for the snap-off moment shown in figure. The acquisition 
time is not short enough to capture this moment very accurately. Nevertheless the resulting 
images here explain the process reasonably well. For neatness of presentation two registered 
points were cleared from the detachment area.
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How m a p  10. limH =  Q.D0500000
Figure (5.19) Drop settling at the bottom of the tube.
The settling phase: A t the start o f  this phase the top m olecules still linked to the drop 
after snap-off start rearranging them selves quickly ju st after the clim bing process 
(probably through entanglem ents, chapter six section 6.3.2 last paragraph). They do 
that by racing downward to reduce the surface free energy and get the drop to the 
spherical shape again. The m olecules at the bottom  have already settled to a  zero 
velocity, figure (5.19). This agrees w ell w ith the graphs described earlier in figure
(5.6) at stage two. W here the average velocity taken for all m easured values diverges 
from  the centre o f  gravity’s value, then they m eet again at zero after another small 
diversion due to the rearrangem ent m entioned above, figure (5.6). Soon after, the drop 
stops m oving and sits spherically at the bottom  o f  the tube m arking the end o f  the 
falling process.
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Figure (5.20) Cross section for drop after detachment.
5.3.5 The Effect of Surfactant
Adding surfactants had several effects. First it m ade the drop fall and detach quicker, 
figure (5.9). The surfactant adsorbed around the drop and as the neck becam e thinner 
the surfactant redistributed and becam e more concentrated around the neck and
oc
reduced the interfacial tension. This finding is supported by literature such as . This
TOO
made the drop unstable and led to inevitable detachm ent . Surfactant presence also 
led to the longer stretching o f  the neck before break up as this cost relatively less free 
energy. This was evident at alm ost all speeds, apart from a few odd readings, figure 
(5.21), see discussion below. The random ness o f  the tim ing o f  the detachm ent at all 
lifting speeds (except where correlation was found) could be due to the random ness o f 
the interfacial tension values across the dipper’s surface area. Surfactant addition 
contributes to this unevenness hence increases the chaotic response. The entanglem ent 
theory could be another influential factor, chapter six section 6.3.2 last paragraph. 
Another problem that increases distortions is the slow form ation o f  air bubbles that 
physically distort the drop and cause unwanted effects. Simple but effective 
preparatory m easures can be taken to improve on this by leaving the drop in an 
ultrasonic bath to get rid o f  as m uch dissolved air as possible.
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Ratio of Neck Thickness Over its Length at Motor speed 50 
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Figure (5.21) Ratio of neck 
thickness (distance between the 
furthest points in the drop neck) 
over its length (furthest distance 
between the dipper tip and the 
drop bottom part) for all 
experiments at all frames.
The patterns emerging by 
comparing the same drop 
behaviour at different surfactant 
concentrations suggests that 
adding surfactant speeds snap-off 
up (as noticed from comparing 
frames, figure (5.9) ) and elongates 
the neck more before detachment. 
This is more apparent at lower 
lifting speeds as vibration and 
noise are higher at higher speeds.
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5.3.6 Discussion
M any studies have investigated the falling drops and the effect o f  surfactant 
experim entally 12,21,23,24,27 and theoretically 12,86'88. The m ost relevant is that done by 
Han e t  a l  89 where the study described an M RI flow  pattern data o f  a  falling water 
drop. In the study the group stressed the importance o f  presenting the convective 
m otion inside the drop using a M RI non invasive method, com pared to optical and 
tracer m ethods w hich are m odel bound or invasive, an advantage clearly present in 
this research work as well. A nother agreem ent w ith other literature is present in the 
fact that the m ajority o f  cited studies m entioned that surfactant does adsorb to the 
neck reducing the interfacial tension there and leading to a quicker break-up 24,85,90. In 
regards to the surfactant effect where the neck elongates, D rum right-Clarke e t  a l  
reported that a  drop w ith the same viscosity as the surrounding liquid m atrix w ith low 
inertia w ith surfactant w ould elongate m ore than that without surfactant. A lthough the 
viscosity in our case was not the same, this result agrees well w ith our findings. The 
assum ptions here are that the surfactant, as well as reducing the interfacial tension, 
physically and/or chem ically interacted w ith the drops thin neck and m ade the 
elongation happen. Deeper analysis considering such interaction m ight help to 
understand the nature o f  this behaviour at a  m olecular level 9.
Han e t  a l  have cited in their study that a  drop o f  w ater falling w ith a  high speed (e.g. 2 
m /s) m ixed w ith surfactant has a  regular round cross-sectional area, com pared to a 
falling w ater drop without surfactant 89. These irregularity differences in the cross 
section were not present in  the PDM S drops used here. It is believed that this is due to 
the fact that the drop here is com paratively very viscous and o f  a  m ore com plex 
m olecular m orphology than  water. In addition the current drop was m oving in an 
average velocity, hundred folds slower (less than 0.002 m/s, figure (5.16)) than that in  
the Han e t  a l  study 89.
5.3.7 Stage Three Conclusion
In this stage o f  the experim ent the flow  patterns and the effect o f  surfactant were 
investigated. The surfactant concentration w as increased gradually. A t each 
concentration degree, the experim ent described in stage one was repeated. W hen the 
drop’s falling tim e was com pared w ith the lifting speeds, there was not any 
correlation. The drop’s falling tim es were o f  a random  nature. Unlike w hat one 
expected, the drop did not fall quicker at higher lifting speeds and slower at slower
lifting speeds. One w ould expect the inertia inherent in the drop to lead to a quicker 
detachm ent because it works against gravity. A t slower speeds the drop w ould have 
less i f  any o f  the previous effect. The random  fall trend needs further investigation but 
one can relate it to the complex nature o f  the PDM S structure and its response to 
applied forces. Also it is related to the fact that the initial conditions were not exactly 
the same although all possible care was taken to m ake the case so. Changing the 
drops, the change in the length o f  tim e before starting the run, changing the glass 
tubes and cleaning the dipper are all unavoidable steps that have to be done but might 
have m ade the bonding and detachm ent differ slightly from a drop to the other. Also 
irreproducibility o f  exact settings, vibration ‘chaotic’ behaviour and the tim e it takes 
to establish steady flows are influential factors that affected the quality o f  the 
experiment, but less so at lower lifting speeds.
D ata however have a relatively clear correlation between how  fast the drop falls and 
the surfactant concentration. The general trend was that the higher the concentration 
the quicker the drop falls. This trend becom es m ore apparent as the drop lifting speed 
is in the range nearer to the slower lifting speeds end.
A fter that, flow  patterns for all experim ents were studied. It was noticed that there 
were four m ajor sequential phases the drop goes through during its falling process, no 
m atter what viscosity, speed or surfactant concentration. These phases were explained 
in detail. Then the effect o f  surfactant was highlighted. Evidentially, it was found that 
at lower speeds the increase o f  surfactant concentration makes the drop fall quicker 
and the neck becom es longer before detachments. Although it is evident that this 
response was due to the surfactant presence, the reasons behind this behaviour were 
not known and open for logical hypothesis. In this case it could be related to some sort 
o f  physical and/ or chemical unknown interactions. For example the surfactant could 
have resulted on a reduction in friction betw een the drop and the matrix. There is 
evidence in literature that surfactant reduces the interfacial tension o f  drops under 
force 91,92 but it is difficult to generalise until the nature o f  interaction at a  m olecular 
level can be established. It was concluded that further investigations using other 
techniques are needed to understand this process in m ore details.
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5.4 S um m ary  a n d  C onclusion
In this chapter the first o f  the three m ajor experim ents investigating a M RI based tool 
to study flow  patterns was presented and its results were analysed. The experim ent 
was divided into three different stages each is considered as the preparatory stage to 
the one after. During the first stage the data produced by the M RI experim ent was 
successfully used to identify the proper range o f  drop viscosities to w ork with. The 
second analysis stage refined the resulting velocity m aps and the rem aining noise and 
artefacts were reduced to a safe m inim um , w hich had negligible influence on the 
results. The third stage o f  the w ork presented and explained the resulting flow  patterns 
in  the light o f  the findings and related literature which led to very useful findings. 
Future research recom m endations in  the rapidly growing field o f M RI for polym er 
flow  and drop deform ation, is necessary.
6 ROTATING DROP EXPERIMENTS
The a im  o f  th is  c h a p te r  is  f i r s t  to  d e m o n s tr a te  th e  e f f ic ie n c y  o f  th e  d e v is e d  F L A S H  
M R I f l o w  m e a su r e m e n ts  s y s te m  u s in g  a  d if fe re n t se ttin g . The s a m p le s  u s e d  h e re  a re  
a ls o  P D M S  d r o p s  b u t th is  tim e  th e  m e a su r e m e n ts  w e r e  ta k e n  in th e  x y  p la n e  d ire c tio n . 
C o m p a r in g  th e o r e t ic a l ly  c a lc u la te d  f l o w  p a t te r n s  m a d e  f o r  th is  p u r p o s e  w i l l  b e  
su ff ic ie n t to  a c h ie v e  th is  a im . T he s e c o n d  p a r t  o f  th e  c h a p te r  a im s  to  id e n tify  th e  r ig h t  
ra n g e  o f  P D M S  d r o p s  to  w o r k  w ith . T h is w i l l  b e  d e m o n s tr a te d  b y  s tu d y in g  th e  d a ta  
p r o d u c e d  f r o m  a  w id e  r a n g e  o f  u s e d  d ro p s . T he th ir d  a n d  la s t  p a r t  a im s  to  e x p la in  
a n d  a n a ly s e  th e  p r o d u c e d  d a ta  f r o m  th e  c h o se n  P D M S  d r o p s  w ith  a  s u i ta b le  r a n g e  o f  
v is c o s i t ie s  w ith  a n d  w ith o u t th e  p r e s e n c e  o f  su rfa c ta n t.
6.1 Stage One: Drop Rotation
The aim o f  this section is to verify that the data produced in the relaxation 
experiments, section (6.2) are accurate enough for our investigations and analysis. 
This can be achieved by showing that the produced flow patterns m agnitude and 
directions m atch up w ith the predicted values.
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Sample in tube
Drop Dia = 2.5
Drop central line
Liquid Matrix
-  '  '  ~ Tub
Outer Dia = 10 mm 
Inner Dia = 9 mm
Rotor Dia= 3mm
0 = 180° 
T = 0 0
Tube Cross Section
Figure (6.1) Cross section of tube with a drop moving in a uniform rotating velocity starting 
from position ’a' then 'b' then 'c' then'd' and so on. The values of the initial and rotating 
values used in the model are shown in the square boxes. The drop is made of PDMS and 
assumed stuck to the rotor. In this case the drop does not deform but keeps its shape as it is
made to rotate in a uniform velocity.
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A ssum ing a drop rotating inside a m iniature concentric couette, figure (6.1) to the left 
showing such a kit containing the drop. To the right the figure shows instantaneously, 
four possible positions (a, b, c, and d) for the drop which is stuck to the rotor and 
rotating at a  constant velocity. The rotor in  the m iddle is connected to a m otor for this 
purpose. The line in the drops’ m iddle section, represents their centres cross line. 
During this rotation, the spins tangential velocities w ithin the drops are also expected 
to be constant and increase in value as they get further from  the rotor centre. 
Generally, the equations governing the spins m ovem ents can be expressed as,
N f y v J + v J + v 2, [6.1]
W here,
|s| is the spin absolute speed.
v x is the tangential velocity com ponent o f  the spins in th e 1 x ’ direction (m/s).
v y is the tangential velocity com ponent o f  the spin in the ’ y* direction (m/s).
v z is the tangential velocity com ponent o f  the spins in th e 1 z' direction (m/s).
The m ain focus here is on the com ponents in the 'y' and ‘x ’ directions, since the 
bipolar gradients are set to m easure these, neglecting the sz ’ com ponents as 
m ovem ents in that direction (up and down) is m inim al in this case i.e. vz «  vx and vy. 
To calculate these velocities m agnitudes and directions the following equation was 
u s e d 78,
v « = V *.y. > n( 0 + '1' ) ’ [6-2]
W here,
0 is the  angle o f  ro ta tion  (rad).
is the  angle at the  intial condition  (rad).
Vx>y is th is m axim um  that the spins velocities can  reach  (m /s).
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If  0 and ¥  are set as in figure (6.2) then the y-com ponents o f  the spins velocities at 
positions a, b, c and d are 0, V ymax, 0, and -V ymax respectively. It is also important to 
refer to the equation m entioned in chapter four (section 4.2.1), where,
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V , . y „ » «  = | L x r > I6 '3]
W here,
T is the cycle period (seconds), and 
r is the radius from the rotor centre (m).
This is to clarify that the values for the spins x and y velocity components are a 
function o f the radius and the cycle tim e (hence the angular frequency) as well as the 
angle o f  rotation 0.
Using the above equations a simple m odel was created sim ulating the instantaneous 
flow patterns qualitatively and quantitatively in approxim ately the same positions 
shown in figure (6.1). Results will be shown later in figure (6.6) (rhs).
Motor Speed versus Tangential Velocity
Motor speed (rev/sec)
- Rotor in tube
-the furthest point in drop 
from rotor centre
Figure (6.2) The vertical line shows the place chosen to set the motor speed. Comparing this with 
the quantitative results presented in figures (6.4) it can be seen that the values match.
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6.1.2 T he E x p erim en t
This experim ent’s aim  is to dem onstrate that FLASH flow program  and data 
processing that follow works well w ith PDM S drops as samples. To do so we 
compare PDM S drop velocity data acquired using a FLASH flow program  to the 
predicted velocity values calculated as explained below. The tube containing a PDMS 
drop o f  approxim ately 1000 cSt was placed in the m agnet and connected to a m otor 
from the top, chapter three. Drop was m ade to stick to the rotor only and touching the 
inner tube wall but without sticking to it. The m otor was made to rotate at a constant 
speed so that the drops furthest point at the cross central line w ould be rotating at 
approxim ately lm m /s, figure (6.2).
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Figure (6.3) Comparison between measured data and theoretically calculated flow patterns. The 
data is shown in the column to the left and the theory is shown in the column to the right. Each 
image consists of x components to the left and y components to the right. The two lines across the 
images show the cross sections positions shown in the figures (6.4), (6.5) and (6.6).
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In the theory part, vx(r) and vy(r) were calculated for all pixels in  a  m atrix o f  the same 
size as the experimentally obtained velocity m aps, using equation [6.3]. The angles 
values used in the calculations are as shown in figure (6.1). The irrelevant pixels were 
m asked using noise m asks taken from  the experim ental velocity m ap images, figure
(6.3) colum n to the left. The details o f  the com parison process are referred to in the 
next section. Care was taken so that the acquisition would take place as the drop 
passed the position, figure (6.1). In  total four runs were taken. The raw  data was 
acquired and the m odel images were processed using a IDL program.
6.1.3 Results
The data was presented in three different ways for validation: Grey scale images, 
cross-section qualitative images and flow  patterns images. Each type highlights a 
different aspect o f  the results.
6.1.3.1 Grey Scale Images
Figure (6.3) shows the results from  the theory in the right colum n and from the 
experim ent in the left column. These images were acquired as described in chapter 
three. The velocity images from  the m odel were produced using the above equations, 
section 6.1. It was m asked using the noise m ask produced by the experim ental data to 
m ake clearer qualitative comparisons.
The sim ilarity betw een the two colum ns can easily be noticed. D ifferences are due to 
noise such as m isregistration w hich can easily be identified in the data from the 
experim ent 2. The next presented set o f  images highlight this aspect and demonstrate
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Line number 36 X Vel Line number 36 Y Vel
Figure (6.4) Experimental measurement for the x and y velocity components data obtained from the 
first acquisition, cA’ in figure (6.3). From the left the first and second graphs represent the x and y 
components respectively across the dotted line number 36 shown in figure (6.3) images A . The 
irregularities in the measurements are due to unavoidable systematic and acquisition. Quantitative 
values for the measurement is clear here and matches up with the expected values, see figure (6.5).
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6.1.3.2 Cross-Section Quantitative Images
Figures (6.4) and (6.5) show  the cross-sections o f  both (line 36, figure (6.3), in images 
‘A ’ and ‘a ’ respectively) experim ental and theoretical data respectively. B oth images 
show  the sim ilarities in quantity and quality. B y showing closely m atching values 
betw een theoretical and experim ental data, the results demonstrate that the M RI 
experim ental settings and image processing arrangem ents w ork well. The com parison 
also shows the degree o f  im perfections betw een the expected and obtained data and 
shows that they are w ithin an acceptable range. The velocity com ponents o f  the other 
images (i.e. B ,b,C ,c and D,d) give the sam e results as the shown data.
This quantitative data shows the m agnitude and the trend o f  the velocity components 
at the chosen line. H ow ever they  do not show  the direction o f the spins m ovem ents, 
which is im portant for the analysis process and w ill be shown next.
la o.oooo 3  °'c
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Line number 36 x Vei Line number 36 y Vel
Figure (6.5) Cross-section of line number 36 extracted from figure (6.3) ‘a ’. The data show precise 
quantitative velocity components values calculated across the chosen line, which is the same line, 
extracted from experimental data shown in figure (6.3) ‘A’. The imperfections here are inherited from 
the masks borrowed from the measured density maps and superimposed on these calculated data for ease 
of comparison. If one compares the two sets in figure (6.4) and these shown here, the correlation becomes
clear in quality and quantity.
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Arrows in 
both side 
correlate 
well in size 
and 
direction. 
They get 
smaller as 
they come 
nearer to the 
rotor centre 
as expected.
Mis-
regestration
Theory
v °
Figure (6.6) Flow patterns of images shown in figure (6.3). The patterns behave as 
expected and the similarity between the theory (right column) and the 
experimental data (left column) is clear. UniS 126
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6.1.3.3 Flow Patterns
Figure (6.6) shows the third type o f  data w hich consists o f  the flow  patterns 
constructed using the m easured and calculated x  and y velocity components, figure
(6.3). The length and direction o f  the arrows in the figure give a good idea about the 
m agnitude and direction o f  the spins at the m om ent o f  m easurem ent. The arrows in 
both data sets indicate that the drop is rotating in the set direction. The arrows nearer 
to the rotor wall are relatively smaller. They start getting bigger indicating a higher 
tangential velocity as one m ove further aw ay from the rotor. The experim ental and 
theoretical m agnitude and direction o f  those arrows reasonably m atches in  both sets as 
expected, figure (6.3). The noise due to m isregistration can be seen in the each drop 
from  the bottom. M isregistration in the calculated data exist because the m asks were 
taken from  the same m easurem ent’s data w hich has already the m isregistration fault 
in it hence it was reflected on the theoretical data.
6.1.4 Stage One Conclusion
The aim for this section was to validate the flow  patterns using PDM S as a  sample, by 
com paring them  w ith the predicted theoretical m easurem ents. This was achieved and 
the high quality o f  the results have proven that the program  is w orking well and that it 
can be successfully used in the experim ent presented in the next section.
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6.2 Stage Two: Drop Relaxation Experiment
This experim ent’s aim is to examine the response o f a range o f PDM S drops within a 
range o f  viscosities, to applied rotation force using FLASH M RI flow m easurem ents 
program  to find the most suitable drops sets for stage three (surfactant testing).
6.2.1 Experiment Background and Procedures
To explain the action in this experim ent in its sim plest format, consider a small 
spherical volume o f  viscous liquid material attached to a plate and surrounded by a 
relatively low viscosity liquid as in our case. If  a sudden force is applied to the plate 
as shown in figure (6.11) sketch A, im m ediately following the application o f this 
force, the bottom part o f  the drop m oves w ith it and the upper part does not move 
because o f  its inherent inertia i.e. its inherent property to resist any changes in m otion 
due to applied external forces 84. As a result the drop elongates and deform s as shown 
in figure (6.11) sketch A. This increases the contact surface area betw een the drop and 
the surrounding hence disturbs its surface free energy balance betw een operating 
forces e.g. interfacial tension and applied force. A fter the force is rem oved the drop 
starts to return to its original shape to restore the balance and get its surfaces area back 
to a m inimum , which makes it alm ost spherical again, figure (6.11) sketch B. For our 
case we also know that PDM S has a small elastic property which should contribute to
• 7Rits return to the original state .
Displacement W x
Figure (6.11) Adsorbed drop’s reaction to sudden applied force. (A) The application of sudden 
force on the plate leads to its displacement. As a results the drop adsorbed on it deforms from a 
semi spherical form (dotted line) to the deformed shape (solid red line) in sketch. (B) It goes back 
to its original shape and while doing so velocity is measured.
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The experim ent perform ed here follows the same principle. But a rotor was used 
instead o f  a flat plate and the force elongated the drop to a ring shape instead o f 
form ing a small deformation. W e were only concerned with the drop relaxation so the 
focus was m ainly on the nature o f  this relaxation process and the effect o f  the addition 
o f  the surfactant. All acquisitions for all experim ents started ju st after the removal o f 
the force i.e. when relaxation started, figure (6.11).
The samples used were six PDM S drops o f  viscosity ranges from lOOOcSt to 
lOOOOcSt. Each drop was placed in a glass tube floating in a solution o f  deuterated 
methanol and deuterated water, figure (6.7), chapter three. The drop was made 
buoyant in the right place by adjusting the m atrix density (table 6.1) to make it equal 
to the drop density, chapter three for details o f  preparation. Each o f  the drops used in 
this experim ent occupied all the space from the rotor to the glass tube, which 
approxim ately equal to 3 mm, and was approxim ately 5 mm in height. Unlike the 
outer side, the drop's inner side was stuck to the rotor in the middle and the drop was 
squeezed in between the rotor and the glass tube so its cross section looked like a bean 
seed, figure (6.7).
Figure(6.7) sketch of a cross-section of the drop used in the experiment. Drop stuck to the motor 
and touching the inner tube surface but not stuck to it.
Table 6.1 Sample materials
Material Formula 1 Density
g/cm3
Fraction
%
PDM S C?H80Si 0.963 —  1
M ethyl-D3 Alcohol-D CD40 0.89 77
Deuterium  Oxide D 2O 1.12 23
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In this experim ent the rotor was spun quickly, so the drop elongated horizontally in 
the xy plane and form ed a ring due to the applied spinning force. The drop then 
started relaxing back - if  it did not break- to its original shape. The relaxation velocity 
depended on the drop free surface energy, viscosity and its interfacial tension. A hand 
held string attached to the upper shaft linked to the rotor was used to impart a 
rotational impulse to the sample. The acquisition started just after the rotation finished 
as the drop ring started relaxing back. The same acquisition process described in 
chapter five was used here where ten acquisitions took place with 8 seconds in 
between. Each run took approxim ately 1.5 seconds to complete. A single acquisition 
took about one and a ha lf m inutes after relaxation. Once the data was acquired it was 
then processed using FLASH IDL im aging processing program, chapter three.
6.2.2 S tage Tw o R esults
Concentrations o f  the six drops are shown in table 6.2. Each o f  the six drops was 
tested by rotating using the above m eans then checking from the resulting data 
whether it form ed a ring or not. Those runs without rings were considered a failure.
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Table 6.2 The drops, their viscosities and the results of the test applied to establish whether 
the drop is suitable to the next stage.
Drop 33 Drop 34 Drop 36 Drop 38 Drop 37 Drop 35
1000 cSt 
: 10000 cSt
0:100 60:40 50:50 80:20 90:10 100:0
Test result Fail Fail Fail Pass Pass Pass
It was found that the drop with highest used viscosity, drop 33 form ed a ring but with 
difficulty. Also there were problem s associated with the clarity o f the density images, 
as the drop m oved out o f  the cross-section field o f  view while stretching, figure (6.8). 
Also the velocities m easured were extrem ely slow for the program  to detect.
Drop 34, which had lower viscosity than drop 33, failed because it did not stretch at 
all under a m oderate rotating force. W hen a higher rotating force was applied, the 
drop split into two or more sm aller parts. W hen it did stretch and did not split, the 
relaxation happened quicker than above, figure (6.8) in the middle.
Drop 36 with lower viscosity than drop 34 stretched a little by the use o f  a moderate 
rotating force but relaxed even faster than the above drop, figure (6.8) to the right.
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Density X Y Density X Y Density X Y
Drop 33 Drop 34 Drop 36
Figure (6.8) examples of runs for the failing drops. Drop 33 failed due to instability in rotation 
and quick relaxation. Drop 34 failed because it did not stretch enough and failed to stay in one 
piece under the spinning force. Drop 36 failed because it stretched little and relaxed too quick.
o
©
I
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W hen drop 35 was tested it perform ed very well by form ing a clear ring, it was 
realised soon after that the optim um  viscosity suitable for these experim ental settings 
was near drop 35 viscosity range. So drop 37 and 38 were m ade to com plete the set 
w ith only 10% viscosity difference betw een each drop. The results for these drops are 
shown in figure (6.9), where all drops form ed rings and relaxed relatively quickly 
within the first few fram es i.e. w ithin a tim e scale o f  8 sec to 32 seconds. It was 
expected that w hen surfactant w ould be added that the relaxation duration would be 
longer.
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Drop 38 Opp Drop 37 Opp Drop 35 Opp
Figure (6.9) examples of runs for the successful drops that made rings, see table 6.2 for viscosity 
values. The rings formed are not centrally symmetrical i.e. they are thick from one side and thin
from the other. This is the case in all drops
6.2.3 S tage Tw o C onclusion
The aim  for this stage was achieved and the set required was successfully chosen after 
it produced the sought after response which is the ring formation.
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6.3 Stage Three: Velocity Maps and Flow Patterns
The aim  o f  this section is to produce the relaxation velocity maps and flow patterns 
for drops 35, 37 and 38, using FLA SH  acquisition program, first w ithout surfactant 
then with three surfactant concentrations, chapter three. After that the aim is to 
analyse these based on observations, outcom e and literature findings.
Density X Y Density X Density X
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f > j r%
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A
•
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oo
I
.
Drop 38 4pp Drop 37 4pp Drop 35 4pp
Figure (6.10) Grey scale images for the same drops in figure (6.9) after adding the highest 
surfactant concentration. Notice that the rings here are more uniform in all drops compared to
the rings in figure (6.9).
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6.3.1 Experimental Procedures and Initial Results
The first set o f  velocity m aps where the surrounding deuterated solution has no 
surfactant was produced in the experim ent described above. The sam e experim ental 
procedures were repeated using the same three degrees o f  surfactants explained in 
chapter three, four and five. Figure (6.10) shows an example o f  the resulting velocity 
m aps for the highest surfactant concentration degree for all the successful drops. The 
details for the relaxing drops flow  patterns are explained below.
6.3.2 Analysis of the Resulting Flow Patterns
This experim ent tested the relaxation o f  PD M S drops and the way they  responded ju st 
after the rem oval o f  the applied spinning force. In all successful cases the drop form ed 
a ring because the liquid stuck to the rotor w all m ade a full rotation and caught up and 
bonded w ith the liquid that did not rotate and resisted the applied force due to its 
inertia. Straight after w hen M RI acquisition began, the drop started detaching the ring 
it form ed and went on relaxing back to a m ore original and stable shape to keep its 
surface free energy to a m inim um . The initial stage w hen the ring was form ed will be 
covered in a  later section. For now  we w ill explain the stages o f  the relaxation process 
following the ring formation. Figure (6.13) is showing an exam ple o f  the typical 
relaxation stages observed for all drops. The drop in this example is drop num ber 35, 
w hich has a viscosity o f  lOOOcSt and has no surfactant in its surrounding solution. 
The resulting flow patterns shows that the drop started the process by detaching the 
form ed ring from  both sides but m uch quicker from  the ‘loose end’ o f the drop i.e. the 
end not attached to the rotor wall. Patterns ‘A ’ in figure (6.13) shows that the further 
the liquid from  the attached area was the faster its velocity. Patterns B, C and D 
shows that drop gradually relaxed back to its original shape and the nearer it get to the 
equilibrium  state the slower the velocities become. In this case it took 72 seconds for 
the drop to go back to its original shape (other drops had different relaxation times, 
details in the next section). The analysis described in the next part o f  this analysis 
section w ill shed m ore light about this process.
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Still relaxing after about 48 seconds with 
less velocity than 0.6mm/sec at all parts.
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Still relaxing after 32 seconds with same 
velocity from the free part and less 
velocity from the attached part.
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After 72 seconds, drop settled and no 
relaxation is taking place
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Figure (6.13) The flow patterns maps above shows the relaxation for drop 35 with no surfactant 
sequentially from A to D. In ‘A’ the drop is detaching and the liquid is relaxing from both side. In 
‘B’ the liquid that is not attached to the rotor wall is relaxing much faster than the liquid attached 
to the drop. In ‘C’ the drop liquid is almost reaching the equilibrium state. In ‘D’ it can be 
noticed that the original shape of the drop was reached at the end. The arrows in map D are 
random which represents the remaining noise and artefact and to an extent the average ensemble
self-diffusion at the measured location.
It is important to highlight at this stage that we could not completely rem ove the effect 
o f  N o Flow Phase D istortion NFPD from all flow patterns maps in this experiment. 
This is m ainly the case for flow  patterns o f the loose ends liquid o f  the drop. Figure
(6.14) clearly demonstrated this for the second and the last flow pattern maps o f  the 
experiment presented in figure (6.13) above. To rem ove this com pletely one need to
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use a suitable image processing techniques sim ilar to that used in chapter five for the 
falling drops but rotary instead o f  linear, see chapter eight.
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Figure (6.14) Flow patterns ‘a’ and ‘b’ are the same flow patterns ‘A’ and ‘B’ but without the 
NFPD removed. This is a clear example of how NFPD distort results and provide false results. 
The data ‘a’ and ‘A’ shows that in this case one can remove the distortion from the main body of 
the drop. More advanced techniques are needed to remove it from the edges while the drop is
relaxing.
The drops without surfactant did not form a symm etrical uniform  ring. How ever this 
ring became more uniform, as the surfactant concentration increased. This can be 
clearly noticed by com paring the rings o f  all drops in figure (6.9) and (6.15, ‘A ’) with 
those in figure (6.10) and figure (6 .15,’B ’). It is evident that there is correlation
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between the nature o f  the drop’s deform ation and the increase in surfactant
concentration. This is to say that the ring degree o f  uniform ity is dependant on the
surfactant concentration.
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flow mop 1. lim it -  0 .0 0200000
Rotor Position
flow m ap 1. Hrnit »  0 .00200000
Figure (6.15) Flow patterns for drop 35 just after removing applied rotary force. Flow pattern in 
‘A’ is for drop35 without surfactant. Flow pattern in ‘B’ is that of the same drop but with the 
highest surfactant concentration, ‘a’ shows the velocity components values in the horizontal 
cross section in ‘A’, ‘b’ Shows velocity components of the vertical cross section in ‘B’.
Han e t  a l  showed in their falling drop experim ent that the water drop w ith surfactant 
had less deform ities from inside and outside but there was no reason given for such
O Q  # #
effect . The uniform ity in shape w hen surfactant is added agrees with the findings o f 
the group. The interaction nature betw een surfactant and the drop however needs 
more detailed investigation by closely studying its nature.
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The relaxation stages described above were the same for all drops. The detachm ent o f 
all drops rings happened within the second and the fourth frames at all surfactant 
concentrations i.e. w ithin 9-34 seconds. The relaxation process took various time 
periods to be completed. To quantify this relaxation process, graphs were produced 
showing the relationship between the elongation ratio against relaxation in time unit. 
The elongation ratio was calculated by first subtracting the total num ber o f  pixels for 
the reference drop (i.e. drop before stretching) taken from its density image, from the 
total num ber o f  pixels for each relaxing drop taken also from their density images. 
Secondly the result, which represents the elongation area (in pixels), was divided by 
the total num ber o f  pixels in the reference drop density image, figure (6.16). This was 
done for each frame and was called the strain o f  the drop because strain is calculated 
this way. Figure (6.17) shows all these graphs for each drop at all surfactant 
concentrations and it shows that the relaxation differs random ly from a drop to the 
other. Using this method, there was no correlation found between the drops’ viscosity 
and the relaxation duration in all degrees o f  surfactant concentration contrary to the 
expected.
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Reference frame Frame 1 Frame 2 and so on. . .
Strain j = (pixels in A j — Pixels in A ref)/ Pixels in A ref
Figure (6.16) Schematic presentation for the method used to quantify strain in each frame. The 
equation below the schematic diagrams shows how strains in the graphs in figure (617) were
calculated.
It was found however that those drops, which started with higher strain, relaxed 
quicker especially when the surfactant concentration was high. Figure (6.15, ‘B ’) 
strengthen this finding’s validity because it shows that the ring in liquid with 
surfactant m oves back m uch faster than the ring in the liquid without it. It was also 
noticed that the drops w ith the lower surfactant concentration had a com paratively 
lower starting strain but took longer to relax relative to those w ith higher surfactant 
concentration. W hen the latter increased the initial strain was higher but drop 
relaxation was m uch quicker and finishing its course alm ost ha lf w ay through the 
frames, figure (6.17).
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All Drops -Surfactant Concentration Opp
- d r o p  3 5  
- d r o p 3 7  
d r o p 3 8
All Drops -Surfactant Concentration 1pp
-drop35
-drop37
drop38
All Drops -Surfactant Concentration 2pp
- d r o p  3 5  
- d r o p  3 7  
d r o p  3 8
Figure (6.17) Comparing the drops relaxation at 
each degree of surfactant concentration by 
comparing the strain between frames which is 
the subtraction of the original drop’s pixels 
numbers from the number of pixels for the same 
drop after elongation. Notice the ‘diversion’ in 
the strain between all drops relaxation before 
half way (graph five) as the surfactant 
concentration increases. Also notice that the 
relaxation generally happens quicker with the 
presence of the surfactant.
All Drops -Surfactant concentration 4pp
-drop 35 
-drop 37 
drop 38
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From  the results above one can say that if  this problem  is looked at from  a sm aller 
scale one m ight see the influence o f  theories such as Reptation (Doi and Edwards 
1986) in explaining the drops behaviour. This theory assum es the polym er chains are 
entangled. It considers the effect o f  the surrounding polym er chains to  a  chosen chain 
in the m edium  to be sim ilar to the effect o f  a tube that encom passes this chain. For the 
encom passed chain to m ove out o f  this tube, it has to  ‘slither’ on the order o f  its 
length 93. So the length o f  chains in polym er, w hich is directly related to  the m olecular 
weight, according to the theory plays an im portant rule in its reaction to applied 
forces. M acrom olecular self-diffusion and tem perature also play roles in  deciding how 
the polym er behaves under stress 3. In our case, the PDM S used was m ixture betw een 
two m aterials o f  the same type but w ith different viscosities and m olecular weight, 
chapter three, section 3.3.2. So it w ill have a m ixture o f  chain lengths that leads to 
m ore behaviour unpredictability. This goes along w ith the fact that directly observed 
flow  patterns o f  PDM S during relaxation w ith and without surfactant at different 
viscosities differs enorm ously and in  a  random  fashion. How ever based on  this theory 
in principle it is not im possible to predict PDM S behaviour under applied rotary force, 
once the aforem entioned factors were determ ined in a  controlled fashion.
A nother evidence was the drops, w hich were considered a failure, figure (6.8). They 
did demonstrate that PD M S sim ply behaves differently at different viscosity and 
m olecular weight values. This in principle m eant that this po lym er’s dynamic 
properties are vastly different for different viscosity values, a  general fact noticed in 
here and confirm ed by literature such as 68.
Chapter 6 Rotating Drop Experiments
6.4 Summary and Conclusion
In  stage one, the efficiency o f  the devised FLA SH  M RI flow  m easurem ents system 
was successfully dem onstrated in the xy plane as well as in the yz plane as done in 
chapter five by com paring the obtained m easurem ents w ith predicted results 
graphically presented as the acquired flow  data for comparison. It w as show n that the 
predicted data m atches well w ith the acquired data. Applying the experim ent to drops 
w ith a  wide range o f  viscosities and exam ining the outcom e has successfully 
identified the right range o f  PDM S drops suitable for the settings. This allowed for, in 
stage tw o, the investigation o f  three PDM S drops o f  different viscosities w ith and 
without surfactant. Then, in stage three, the explanation and analysis o f  the produced 
data were m entioned in the light o f  the processed data, observation and relevant 
literature.
Overall it was concluded from  this chapter’s w ork that the m easuring process was 
valid and suitable (apart from  not being able to com pletely rem ove the NFPD) and 
produces reliable m easurem ents. The analysis once again dem onstrated the 
com plexity o f  PDM S drops deform ation and relaxation. H ow ever by accessibility to 
what was happening inside the drop this com plexity seems to be unveiled.
7 RECIPROCAL DEFORMATION EXPERIMENTS
T h is c h a p te r ’s  f i r s t  a im  is  to  p r e s e n t  th e  r e s u l ts  p r o d u c e d  u s in g  th e  P G S E  a c q u is i t io n  
a n d  ID L  im a g e  p r o c e s s in g  p r o g r a m s . T he v a l id i ty  o f  th e  d e v is e d  m e th o d s  h a s  a lr e a d y  
b e e n  d e m o n s tr a te d  in  c h a p te r  fo u r .  H e re  w e  a r e  u s in g  P D M S  d ro p s . The c h a p te r ’s  
s e c o n d  a im  is  to  e x p la in  a n d  a n a ly s e  th e  o b s e r v e d  f l o w  p a t te r n s  a n d  r e la te d  
lite ra tu re .
7.1 The Experiment
This experim ent was devised to examine the response o f  PDM S drops to continuously 
applied reciprocal force. The m echanical arrangem ent was the same as that in chapter 
four, section 4.3.1. The PDM S drop was placed at the bottom o f  a NM R glass tube in 
a solution o f deuterated m ethanol and a trace o f  deuterated water while the dipper was 
periodically immersed in the drop and taken out using a stepper m otor synchronised to 
the pulse sequence, chapter three.
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Figure (7.1) Schematic of the main experiment arrangement. The PDMS drop is shown in blue at 
the bottom of the glass tube in a solution of deuterated methanol and deuterated water with the 
dipper going in and out of it. The drop sank because the density of the solution was lower than
the density of the drop.
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1000 cSt: 0000 cSt No surfactant 1 , -p 1 1 ^  1 1 1
Position
Dipper not moving but 
fixed at the positions 
of measurements, 
(3hrs running time).
Dipper not moving but 
fixed at the positions of 
measurements, (4hrs 
running time).
Dipper not moving but 
fixed at the positions 
of measurements, 
(4hrs running time).
Dipper not moving but 
fixed at the positions 
of measurements (3hrs 
running time).
i 0:100
D ro p  30
Motor 
Speed 25
(0.4rad/sec)
Velocity measurement 
done at positions in 
figure (7.2) in both z 
and y directions, (8hrs 
running time).
Velocity measurement 
done at positions in 
figure (7.2) in both z 
and y directions, (12hrs 
running time).
Velocity measurement 
done at positions in 
figure (7.2) in both z 
and y directions, 
(12hrs running time).
Velocity measurement 
done at positions in 
figure (7.2) in both z 
and y directions, (8hrs 
running time).
Motor 
Speed 50
(0.8rad/s)
As above but at double 
the motor velocity, 
(4hrs running time).
As above but at double 
the motor velocity, (6hrs 
running time).
As above but at double 
the motor velocity, 
(6hrs running time).
As above but at double 
the motor velocity, 
(4hrs running time).
Position
Dipper not moving but 
fixed at positions of 
measurements, figure 
(7.2) (4hrs running 
time).
Dipper not moving but 
fixed at the positions 
of measurements, 
(4hrs running time).
! 40:60 
D ro p  31
Motor 
Speed 25
(0.4rad/s)
Velocity measurement 
done at positions in 
figure (7.2) in both z 
and y directions, 
(12hrs running time).
Velocity measurement 
done at the positions in 
figure (7.2) in both z 
and y directions, 
(12hrs running time).
Motor 
Speed 50
(0.8rad/s)
As above but at double 
the motor velocity, 
(6hrs running time).
As above but at double 
the motor velocity, 
(6hrs running time).
Position
Dipper not moving but 
fixed at the positions 
of measurements, 
(4hrs running time).
Dipper not moving but 
fixed at the positions 
of measurements, 
(4hrs running time).
100:0 
D ro p  32
Motor 
Speed 25
(0.4rad/s)
Velocity measurement 
done at positions in 
figure (7.2) in both z 
and y directions, 
(12hrs running time).
Table 7.1 Overview of the 
experiments performed showing the 
viscosity and surfactant 
concentration ranges. The ratios in
Velocity measurement 
done at positions in 
figure (7.2) in both z 
and y directions, 
(12hrs running time).
Motor 
Speed 50
(0.8rad/s)
As above but at double 
the motor velocity, 
(6hrs running time).
the first columns correspond to the 
concentrations of PDMS lOOOcSt 
and lOOOOCst respectively in each 
drop. The details of surfactant 
concentrations can be found in 
chapter three.
As above but at double 
the motor velocity, 
(6hrs running time).
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7.1.1 Acquisition Procedures
Table 7.1 shows details o f  all drops and runs done for these series experiments. The 
first colum n shows three different drops w ith a  range o f  viscosities from  lOOOCst to 
lOOOOCst. The top row  o f  table 7.1 shows the experim ents overview  for the drop with 
the highest viscosity tested at three increm ental degrees o f surfactant concentrations
i.e. 1.8xl0"8 m ole/litre, 3.6><10'8 m ole/litre and 7 .2 x l0 '8 m ole/litre, chapter three, 
section 3.3.6. The second and third drops shown in the second and th ird  rows o f  the 
table were first tested w ithout surfactant then w ith  only the highest surfactant 
concentration.
For each drop, acquisition was taken at six different instances in each cycle at two 
different m otor speeds, 0.4rad/s and 0.8rad/s respectively, figure (7.2) top graph. 
Velocity components in  the y  and z directions were obtained for each speed at the 
positions shown in figure (7.2). Each acquisition in each o f  the six instances was 
obtained separately. Therefore, two sets were obtained for every drop, each set 
resulted o f 12 velocity m aps taken in twelve separate runs, table 7.1. A lso the y  and z 
velocity components at each position were obtained while the drop was not m oving. A  
single run for first m otor speed took approxim ately an hour and a single run for 
second m otor speed, took approxim ately h a lf an hour to complete. So every drop had 
two sets and both o f  these sets duration added for the six positions took approxim ately 
22 hours to complete, table 7.1. Drop 30 had three degrees o f  surfactant 
concentrations. The same set run was repeated for every degree o f  the three surfactant 
concentration. So in total eight sets were m ade for that drop, w hich m eant it took 88 
hours o f  m achine tim e to complete. Drop 31 and 32 had four sets each, testing the 
drop w ith the highest surfactant degree and w ithout surfactant. So it took 44 hours to 
complete both o f  these drops’ sets.
7.1.2 Image Processing
A ll sets data were processed using the PG SE flow  image processing program ; the 
same image processing program  used for the doped water experiment, chapters three 
and four. The produced images were first: density images for each velocity 
com ponent at each position for all the runs; second: grey scale images for all the 
above; and third: flow  patterns at each position for each drop. These provided the 
quantitative and qualitative inform ation needed for the analysis.
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Figure (7.2) From top to bottom: 1) Graph for the dipper location in time for both 
used motor speeds 0.4 and 0.8 rad/s versus time. 2) Graph for dipper velocity at 
each position shown in the graph above. The numbers in the top graph show 
positions of acquisition at each motor speed.
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7.1.3 Effect of NFPD Artefact on Images Quality
In the doped water experiment, subtracting the velocity m aps data w hen the dipper 
was not m oving, from that when the dipper was m oving, made an efficient reduction 
o f  NFPD artefact. Here however, the two images were not always the same because 
drops sometimes elongated horizontally and/or vertically during the reciprocal motion 
cycle so a m ism atch norm ally happens, see figure (7.3). H ow ever the boundaries o f 
the m oving drops and the stationary images were easily identified and the only 
available way to remove the distortion here is to subtract them. A fter subtraction, on 
one hand it was possible to identify and discard the noise outside the boundaries from 
the analysis, and on the other hand the NFPD within the drop become m uch less than 
before, figure (7.3). This is not an ideal m ethod and it does not necessary clean all the 
artefact, but it is an effective one and does help to substantially reduce NFPD.
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Figure (7.3) The figure to the left is an example of a flow patterns’ map formed from velocity 
maps after subtracting stationary drop velocity maps from moving drop velocity maps to try 
clearing NFPD artefact. The sketch to the right is made to show how the way the two images 
overlaps after subtraction. The red drop represents the moving drop and the black drop 
represents the stationary drop. This shows one aspect behind the difficulty of the complete
removal of NFPD artefact.
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7.2 Results and discussion
It is intended in this section to highlight the m ain features for the density images, 
velocity maps and flow patterns at both m otor speeds. Later sections will cover more 
details o f  all data resulting from changing viscosity and surfactant concentrations. 
Figure (7.4) shows a random ly chosen selection o f  velocity maps and density images 
for drop 30 o f  the first surfactant concentration at three o f the six instances when data 
was acquired. The dipper velocity at these instances from top to bottom  were 
approxim ately -0.75, 0.75 and 0 m m/sec, respectively; the minus velocity indicated 
that the downward m ovem ent direction o f  the dipper, figure (7.4).
0.0005 m/s
- 0.0005 m/s
i i n
2 5 J 6 0  
Z Y
Figure (7.4) Three of the six subsets 
of velocity maps and density images 
for drop 30-1 pp (lOOOOcSt at the 
first surfactant concentration) at 
motor speed 25 (0.4rad/s). Each 
subset shows the velocity maps in y 
and z direction, which was used to 
form the flow patterns in figure 
(7.5). The numbers below the 
velocity images refer to the motor 
speed units and the instances of 
acquisition in seconds respectively. 
The top subset was acquired when 
the dipper was entering the drop, 
The second subset was acquired 
when the dipper was coming out and 
the final subset was taken when the 
dipper was at the top. Notice the 
changes in directions (represented in 
black and white) and intensity (the 
degree of grey colour) at each 
position. The NFPD clearing was 
challenging particularly in the y 
direction.
A lthough the NFPD artefact was still present, it was still possible to m easure how the 
drop’s spins reacted to the imposed force in both y and z directions. The flow patterns 
form ed using these velocity m aps was constructed and presented in figure (7.5). The 
reaction o f the spins correlated well w ith the dipper velocity.
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Figure (7.5) Flow patterns of the same drop 
30-lpp (lOOOOcSt at the first surfactant 
concentration degree) at motor speed 25 
(0.4 rad/s). Each flow pattern shows the 
spins velocity magnitude and direction in 
the yz plane at the measured instances. The 
flow pattern at the top shows how the spins 
diverge when the dipper was entering the 
drop. The spins nearer to the dipper were 
much faster than those far away from it. 
The second flow pattern was acquired 
when the dipper was coming out. The spins 
directly attached to the dipper are moving 
up with it while the spins away are almost 
standing still. The third flow pattern at the 
bottom was measured while the dipper was 
at the top. Most of the spins showing an 
upward movement, which could be 
considered a continuation of their 
movements resulting from the dipper 
upward movement. The spins at the bottom 
were not moving because some of them 
bonded to the glass tube. The difficulties 
faced in clearing all NFPD affected the 
quality of presentation hence the analysis of 
spins movement.
UniS ms
In figure (7.6) the images shows the velocity m aps and density images for the same 
drop at three o f  the six instances w hen data was acquired but with a different motor 
speed. The dipper velocities at these instances from top to bottom  were approxim ately 
-1.5, 1.5 and 0 m m/sec respectively.
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Figure (7.6) Three of the six subsets 
velocity maps and density images for 
drop 30-lpp (lOOOcSt at the first 
surfactant concentration degree) at 
motor speed 50 (0.8rad/s). Each 
subset shows the velocity maps in y 
and z direction, which was used to 
form the flow patterns in figure 
(7.7). The numbers below the 
velocity images refer to the motor 
speed units and the instances of 
acquisition in seconds respectively. 
The top subset was acquired when 
the dipper was entering the drop, 
The second subset was acquired 
when the dipper was coming out and 
the final subset was taken when the 
dipper was at the top. Notice the 
changes in directions (represented in 
black and white) and intensity (the 
degree of grey colour) at each 
position. The quality here is much 
better than the sister set in (7.4)
The velocity maps at the three different subsets, figure (7.6), could be com pared with 
those shown in figure (7.4) because they were taken for the same drop at the same 
surfactant concentration, while the dipper was at the same positions. The only 
difference betw een the two subsets was the m otor’s speed, which was 0.5mm/sec in 
the first subsets and 1 m m/sec in the second. This change in m otor speed would o f 
course change the velocity at all instances. By comparison one could see a clear 
correlation between the pattern o f  m ovem ents in each direction betw een each o f  the 
subsets. The intensity did not change because the scale used for subsets was m odified 
(both scales shown to the left o f  the subsets). This change in velocity and its effect on 
the flow  patterns is the focus o f  the study below. The flow patterns for the above 
subsets are show in figure (7.7) and can be com pared with figure (7.5).
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Figure (7.7) Flow patterns for the same 
drop 30-1 pp (lOOOcSt at the first 
surfactant concentration degree) but at 
motor speed 50 (0.8 rad/s). Each flow 
pattern shows the spins velocity 
magnitude and direction in the yz plane 
at the measured instances. The flow 
pattern at the top shows how the spins 
diverge when the dipper was entering the 
drop. The spins at the side were the most 
affected compared to those at the bottom. 
The second flow pattern was acquired 
when the dipper was coming out. The 
spins directly attached to the dipper were 
moving up with it while the spins away 
from it were almost not moving. The 
NFPD artefact was less here but still 
apparent. The third flow pattern at the 
bottom was measured while the dipper 
was at the top. Most of the spins are 
showing an upward movement, which 
could be considered a continuation of 
their movements while resulting from the 
dipper upward movement. The spins at 
the bottom were not moving because some 
of them bonded to the glass tube. The 
quality of these flow patterns are much 
better than there sister set in figure (7.5)
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7.2.1 Analysis
PDM S drops’ reaction was com pletely different to that o f doped w ater reported in 
chapter four. Expectedly however, it was observed that spins velocity ju st under the 
dipper tip has given m easurem ents that correlated with the dipper tip velocity at each 
m easurem ent time. The response at other parts o f  the drop had a wide range o f  
com plex flow patterns at each o f the different positions and instances o f  measure 
depending on: m otor speed, viscosity and m atrix surfactant concentration. To explain 
these, one has to compare the individual behaviour o f each drop at each specific 
position for different velocities w ith different m atrix surfactant concentrations. The 
intention in this section is to present and analyse the most im portant findings for 
selected positions to best serve achieving the chapter’s aim.
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Figure (7.8) Density maps while the dipper was completely out of the drop and the drop was left 
to settle (image ‘a’) and while the dipper was fully immersed into the drop (image ‘b’). In image 
‘a’ the dipper was about 2.5 mm above the drop upper surface. In image ‘b’, the dipper was 
about 2.5 mm inside the drop as expected. While the dipper was immersed, the drop’s upper 
height increased and some of the PDMS stuck to the dipper tip and sides.
7.2.2 Common and Different Trends
Figure (7.8) shows a typical grey scale density images while the dipper was not 
moving. In image ‘a ’ it was out o f  the drop and in image ‘b ’ it was im m ersed in it. 
The drop’s height was about 5mm in average. Typically in all drops, the dipper was 
about 2.5m m  above the drop’s upper surface, figure (7.8), image ‘a ’. W hen the dipper 
was immersed, it went in about the same distance, figure (7.8), image 4b ’. W hile the 
dipper is in the position shown in image ‘b ’ both velocity components were almost 
zero for all runs. In all cases, the drop stuck to the dipper’s tip and sides. Residues 
from the drop can be seen in the dipper’s tip and sides. Shimm ing was done for every 
position.
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Apart from the above differences, density images between the highest and the lowest, 
during the reciprocal m otion cycle, were generally the same. But w hen flow grey 
scale images were com pared it was evident that the flow was different. The 
differences increased as one got further away from the dipper sideways and below. 
These will be discussed in a later section.
7.2.3 The Effect of Viscosity and Surfactant Change on Drop Necking
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Figure (7.9) Two images for a drop with the same viscosity and the same applied motor speed. 
The dipper in both cases was at its highest point of its reciprocal motion cycle. The neck was 
thicker in image ‘a’ compared to that in image ’b \  The only influencing factor here was: the 
surfactant concentration, which, was lower in image ‘a’ compared to it in image ‘b’.
Figure (7.9) presents two different images for the same drop (i.e. drop 32) at the same 
m otor speed o f  0.8 rad/s speed, while the dipper was m oving up to its highest point 
and stand still in that instance. In the figure, image ‘a ’ shows a density image with no 
surfactant. Image ‘b ’ shows a density image o f  the same drop with the highest 
surfactant concentration. The neck in image ‘a ’ is m uch thicker than that in image ‘b \  
This demonstrates a correlation betw een the neck thickness and the surfactant 
concentration. Observing this resulted on a m ore comprehensive analysis which was 
aim ed to reveal if  there was an overall correlation between these two factors. These 
analyses are shown below.
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Neck Thickness Comparison at Position One
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Figure (7.10) Drop neck thickness when the dipper is at its highest point of the reciprocal motion 
cycle (position one), compared at all runs with all surfactant concentrations. The general trend is 
that the neck thickness becomes thinner (i.e. has a smaller percentage) as surfactant 
concentration increase. Notice that data for drops 31 and 32 was not acquired at lpp and 2pp 
Surfactant Concentrations. MS25 stands for 0.4rad/s motor speed and MS50 stands for 0.8rad/s
motor speed.
Figure (7.10) shows a graph, which illustrates the correlation betw een neck thickness, 
viscosity and surfactant concentration for all drops at all executed runs at the position 
in figure (7.9). The other positions form a tiny or no neck so they were disregarded 
from this analysis. The neck thickness data were, presented as a percentage ratio (i.e. 
neck thickness/ m aximum  neck thickness x  1 0 0 )  after being rounded to the nearest ten 
percent for simplicity. This process did not negatively affect the outcom e but made 
the readings easy to follow, figure (7.10). 100% m eant that the neck is as thick as the 
dipper itself (w ith side residuals som etim es that m akes the neck a bit thicker, which 
were ignored) and 0% m eant that the neck was pinched o ff (never happened). The 
graph in figure (7.10) shows that the neck gets thinner as viscosity drops and the case 
was more so w hen surfactant was increased in the m atrix domain. The only exception 
happened for drop 30 at the fourth surfactant concentration. It was expected that the 
drop would have a neck less than 40%. Instead the drop had a 100% neck thickness. 
W hen the drop image was carefully scrutinised, it was noticed that the unexpected 
increase in neck thickness was due to the fact that -unlike other drops- this drop did 
not bond enough with the glass tube. In addition the drop bonded to the dipper more 
from the top and sides. This led to a lifting o f  the drop with the dipper and prevented
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any neck formation. Generally these results correlate well w ith earlier results found 
from previous experiments, chapter five.
7.2.4 The Effect of Viscosity and Surfactant Change on Flow Patterns
All quantitative velocity maps in both y and z directions were obtained at all positions 
measurem ents. Com paratively, at higher dipper velocity it was observed that side 
m ovem ent represented by the y velocity components increased substantially. This is 
particularly true when the viscosity was low and the surfactant concentration was 
high. This increase led to a noticeable change in the corresponding flow patterns. At 
lower velocities there were little differences betw een side way m ovem ents. The z 
velocity components nearer to the dipper consistently m atched up w ith the dipper 
velocity particularly under the d ipper’s tip. The example below dem onstrates this 
well.
Figure (7.11) The y velocity components presented using grey scale imaging for drop 32 (lOOOcSt) 
at fourth surfactant concentration. The dipper immersed in the drop to the left was travelling in 
at velocity 0.5mm/sec. The dipper in the image to the right was travelling at velocity of motor 
1 mm/sec, see figure (7.2). Notice the increase in the intensity of the grey scale between the two 
cases. It is worth mentioning that the cleaning of the NFPD here was successful compared to 
other examples so measurements were closer to the expected.
As shown in both images in figure (7.11) which uses the same m easuring scale 
(shown to the left), the same drop (i.e. drop 32 o f  lOOOcSt that had the lowest 
viscosity, w ith the highest surfactant concentration degree). The dipper speed was 
higher in y velocity components o f the image to the left compared to the image to the 
right. A t the lower velocity the overall spins velocities was lower and the dipper was 
gently ‘pushing’ the PDM S liquid within the drop side ways. But at the higher speed, 
the overall spins velocities were higher and the dipper’s quick im m ersion forced the 
spins underneath it to move side ways quicker pushing the side spins upward and out 
o f  its way. This becam e apparent once flow  patterns at both instances were compared
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in more details as shown in figure (7.12) images 3,4. The flow patterns for the same 
velocities but without surfactant presence (im ages 1 and 2) were also added to show 
how these compare.
H ig h er  m o to r ’s sp e e d
Figure (7.12) Flow patterns detailed comparison for drop 32 (lOOOcSt) at position 2 of the cycle. The same 
drop was used in all presented patterns. Comparing 1 with 2 then 3 with 4 show the effect of increasing motor 
speed on flow patterns with and without surfactant’s present. The comparison demonstrate that increasing 
motor speed does not just increase flow magnitude as the case is so for Newtonian liquids, but it also changes 
the shape and direction of the flow patterns. Adding surfactant changes the interfacial tension between the 
domain and the drop hence makes these changes in flow patterns more complex when compared to those when
surfactant was not present.
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This experim ent aims to demonstrate the effect o f  increasing resolution and averages 
on image quality. The drop used for this experim ent was drop 30 at the first surfactant 
concentration degree. Image resolution was increased from 32 x32 to 64x64. S/N ratio 
was increased through increasing the num ber o f  averages from 4 to 64 averages. The 
drop was made to stick as shown in the density images in figure (7.13) and the m otor 
speed was 0.8rad/s. A cquisition was taken at position two only while the dipper was 
going down, figure (7.2). In total four acquisitions were taken, two while the dipper 
was m oving in both y and z directions and the other two while the dipper was fixed at 
the same position it was in w hen the first two m easurem ents were acquired. Each run 
took at least 12 hours to complete.
Chapter 7 Reciprocal Deformation Experiments
t o r
7.2.5 M RI Param eters and Flow M easurem ents
1 m m /s
I
-  1 m m /s
Figure (7.13) Almost noise free density images and ‘cleaned’ velocity components images at 
position 2, see graphs in figure (7.2) for position explanation. Notice that the dipper here was 
going down and just about to immerse in the drop. The drop clearly bonded with the glass tube 
and took its base shape rather than being semi-spherical. The noise in both velocity images was 
due to the subtraction of the NFPD images. The images here have very high S/N ratios because 
their resolution is 64x64 and because 64 averages were accumulated to acquire them using PGSE
flow acquisition program, chapter three.
Figure (7.13) shows the resulting images from the above experiment. The effect o f  the 
above m easures on the quality o f  the m easurem ents was com paratively spectacular 
and surely gave more credible and valid data with m uch less noise and artefacts that
■■■■■■■■
Y velocity 
components.
L in e  w h ere  
cr o ss  se c tio n  
w a s  tak en  in  
fig u r e  (7 .1 5 ) .
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lends it se lf to better analysis hence leading to better understanding to what is 
happening.
The velocity components clearly 
apparent and travelling opposite 
direction sideways (y direction)— 0.00°®
The spins velocity is the highest 
under the tip (e.g. under the added 
white ellipse) reaching to 1 mm/sec 
as set.
F igure (7.14) T hree d im ensional graphs for the z and y velocity  com ponents m aps. T he area  
under the d ipper in the z d irection  show ing  the highest spins velocity m agnitude. T he spins  
velocity  m agnitude is relatively sm aller in the other areas. T he d ip per’s dow nw ard  m ovem ent 
m ade the spins travel aw ay from  it in both opposite d irections specially  those d irectly  under the 
dipper. F low  patterns m ap show n in figure (7 .18), gives a better presentation to the com plex but
very clear spins behaviour.
Figure (7.14) show a three dimensional version o f  the velocity m aps in figure (7.13). 
The little noise present in the two images was due to the removal o f  NFDP artefact, 
which was o f  substantial negative effect and as shown earlier if  left would have 
distorted the image and led to false data presentation.
line number 16 of the Z Vel line number 16 of the Y Vel
Figure (7.15) quantitative velocity  com ponents cross-section  o f  line num ber 16 in both z  and y 
directions extracted  from  im ages in figure (7 .13), dotted line. T he lines g ive an idea about the 
m agnitude and direction  o f  m ovem ent for both com ponents at that particu lar position and tim e. 
Each line w as m ade o f  64 sam pling points. T he nearer to the d ipper the h igher and m ore reactive
the flow  becam e.
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To show how substantial the NFPD artefact was the velocity m aps was constructed in 
grey scale and the three dim ensional version for it, figure (7.16) and figure (7.17).
■
Y velocity 
components.
- 0.001 m/s
I
0.001 m/s
F igure (7 .16) Phase im ages show ing  the N FP D  noise in stationary im ages in both the y and z 
directions. T his ‘artefact’ data w ere acquired  w hile the d ipper w as not m oving and not touching  
the drop. T he noise w as then subtracted  from  the im age w hile the d ipper w as m oving. T he im age  
is 64x64  taken w ith 64 averages. Each im age took  12 hours to acquire.
F igure (7.17) T hree d im ension  quantitative graphs for the N FPD  im ages show n in figure (7.14).
T he d ifference in m agnitude betw een the sam e noise in both direction  z and y is very clear.
Once one realises how  m uch NFPD was present by exam ining these images, what was 
said earlier on about the artefact’s negative effect becomes evidentially true. How ever 
in this case it was not very difficult to rem ove this noise because the reference images 
alm ost m atched w ith the affected image, as the shape o f  the drop did not change a lot 
in all four m easurem ents. The only difference was present in the tiny neck, which 
existed while the dipper was m oving. This was absent in the reference image because 
the dipper was not m oving and all the PDM S in the drop was settled except for the 
usual residues. The dipper was above the drop and not touching it. Nevertheless this 
did not affect the bulk m easurem ents o f  the drop.
U n i S  158
Chapter 7 Reciprocal Deformation Experiments
1
Figure (7 .18) 64 x 64 flow  patterns im age constructed  using the velocity  m aps in figure (7.14). 
T he longest arrow s in the im age represent 1 m m /sec. T he d irection o f  each arrow  show s w here  
sp ins heading to at the m om ent acquisition  took  place. From  this im age one can see clearly the 
effect o f  the d ipper on the drop ju st as it w as about to im m erse in it. T he relatively  high S/N  ratio  
m ade it easy to in terpret the im age and to our know ledge this is the first tim e such a flow  pattern  
is published for a P olym er drop subjected  to reciprocal m otion. Schem atic draw in g w ere added  
to the figure to show  the locations o f  the d ipper and the tube.
The velocity images was used to construct the flow pattern shown in figure (7.18). It 
shows in the figure that the dipper is ju st entering the drop and causing a com plex but 
clear flow pattern m ostly nearer to the tip. The com plexity o f  the pattern fades away 
as one m oves away from the dipper. The drop in this case and unlike other cases 
before has stuck com pletely to the tube bottom. This is clearly evident in the images 
as the drop has filled the bottom  ha lf where it resides completely. Com pared to the 
previously constructed flow patterns, this flow pattern shows m uch m ore details about 
nuclei m otion and behaviour at this instant o f  the cycle. It dem onstrated w ith high 
clarity that the spins nearer to the dipper responded more to the dipper and the spins 
farther hardly had any reaction at all. Surely more sim ilar m easurem ents o f  this 
quality would have led to better understanding to the effect o f  viscosity and surfactant
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change at the behaviour o f  the drops at the other dipper positions. The price for such 
high quality is the unrealistic tim e scale needed to acquire all previously analysed 
data.
7.3 Summary and Conclusion
The PG SE flow  acquisition program  34,94 was used to acquire M R I data from  three 
different PDM S drops surrounded w ith a solution o f  deuterated M ethanol m ixed with 
deuterated water. A  glass dipper was used to apply reciprocal force on the drops while 
M RI acquisitions were taking place at different tim es o f the cycle. Three surfactant 
concentration degrees below  the Critical M icelle Concentration CM C 69 were added 
afterward, for each drop to see how  the drops behaviour was affected as a result. 
These responses dem onstrated the com plex viscoelastic nature o f  PDM S. The effects 
o f  surfactant observed in here m atch up w ith  those observed in previous experiments.
This chapter’s w ork has dem onstrated the efficiency o f  the designed system. The 
presence o f  noise and artefacts was apparent in the experiments and has affected the 
quality o f  the results as in some cases it was very difficult to com pletely get rid o f  it. 
How ever the acquisition m ethod w ith the image processing and the experim ental 
setting were quite suitable to acquire and produce acceptable flow  patterns m aps that 
shed some light on the drops behaviour at the chosen instances o f  the reciprocal cycle. 
W e believe that they achieved the sought outcom e to a satisfactory level. The results 
obtained from  this experim ent was inform ative and have revealed some details about 
how  PDM S drops -w ith the used range o f  viscosities- w ould behave w hen subject to 
the applied type o f  force w ith and w ithout the use o f surfactant. Finally one can 
conclude, particularly from  the final set o f  results, that the system has a  great potential 
to produce m uch better outcom e i f  acquisition param eters such as the resolution and 
num ber o f  averages were optim ised but not w ithout a price to pay such as longer 
acquisition time.
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8 SUMMARY AND CONCLUSION
T h is  c h a p te r  *s a im  is  to  b r in g  th e  th e s is  to  a  c lo s e  w ith  a  c o n c lu s io n  th a t  s u m m a r is e s  
th e  o u tc o m e  o f  th e  r e s e a r c h  a n d  su m s  u p  its  w o r th . S u g g e s tio n s  f o r  f u tu r e  w o r k  a re  
p r e s e n te d  a t  th e  e n d  b a s e d  o n  th e  a b o v e .
8.1 Summary and Conclusion
This research w ork was set out to quantify, visualise and study sequential, real tim e 
flow  patterns o f  deform ed and relaxing non-N ew tonian viscous PDM S drops w ithin a 
N ew tonian m atrix o f  deuterium  oxide and deuterated m ethanol w ith and without 
surfactant. H ardware and software instrum entation was purposefully designed and 
built to achieve this aim. The hardw are developed consists o f two separate electro­
m echanical kits that were designed to apply the required deform ation, chapter three. 
Both kits were used in conjunction w ith the M R I unit described in chapter three, to 
conduct the experiments. The resultant data were processed m ainly using two 
designed and built processing software to extract the sought flow  patterns. The 
validity o f  the system was exam ined by conducting suitable experim ents using both 
doped water and PDM S as samples. Then drops deform ation w as investigated as 
explained in chapters five, six and seven.
In the validation stage the resultant flow  patterns from  initial doped w ater and in  some 
cases PDM S were studied, analysed and interpreted using physics laws and 
rudim entary fluid m echanics science. The general approach w as to  predict the 
resulting outcom e using relevant laws and equations and compare the finding w ith the 
resultant m easurem ents. This w ay we m ade sure that the system  was calibrated and 
works w ell for the stages to follow. These stages were simply, the application o f  the 
same validated experim ental techniques but using deform ed drops as samples instead, 
as described in chapters five, six and seven. One can argue that the reasonably 
accurate results produced from  these validation experiments were crucial as they have 
provided the confidence needed in  the m easuring system before stepping into the 
com plex and ‘unknow n ground’ o f  PDM S drop deform ation and relaxation m easured 
after.
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The software designed to acquire the fast velocity dependant sequential velocity m aps
sequence was used in the first and second sets o f  experiments. FLA SH  had the 
capability to capture the actions o f  the falling and the relaxing drops because it can 
acquire and collect data in  a suitable tim ing sequence without running into severe 
problem s such as m isregistration. So the m easuring gradients and their tim ing were 
carefully chosen to produce results w ith  optim um  efficiency. To ensure this was the 
case the PDM S was also chosen after carefully exam ining the range o f  viscosities 
available and using the right m echanical drop relaxation that can be detected by the 
sequence. So overall, m aking the above ‘M RI flow  m easuring too l’ com patible w ith 
the drops’ range o f  m apped velocities was a challenging task. Nevertheless in m ost 
cases it has been achieved.
The gated software acquiring velocity m aps w hile a  dipper was piercing the drop in a 
reciprocating force, w as designed based on PG SE M R I34. This sequence was used to 
acquire data at a certain dipper position w ithin the reciprocal cycle. The tim e o f 
collecting the data depended on the cycle duration and the set num ber o f  averages. 
The actual acquisition instance occurred in a  short tim e (e.g. in m icroseconds) but for 
the next acquisition, the program  has to w ait for the exact same instance to come in 
the next identical cycle before acquiring again. The num ber o f  averages was typically 
set to 4 to increase the S/N ratio. In the last experim ent in chapter seven it was set to 
64 average. But as m entioned, the higher the num ber o f  averages was set, the m ore 
tim e was needed to com plete acquisition. The whole process was then repeated for 
several other instances o f  the sequence to capture the drop deform ation sequential 
events at several positions o f  the cycle. So overall the acquisition process here takes 
m uch longer tim e than FLASH.
Other tasks like shim m ing the external m agnetic field to achieve the best possible 
hom ogeneity, was continuously needed doing before and in  betw een the data 
collection process. This w as im portant to perform  because it helped reducing the 
continuously changing susceptibility artefact resulting from  the m oving parts and the 
inherited inhom ogeneity o f  the external m agnetic field particularly in  the presence o f  
higher gradients, chapter two, section 2.5.3 and 96.
was based on FLA SH  M RI pulse sequence 64 w ith the addition o f  phase contrast 
velocity gradients 81,95 in the appropriate direction o f  measure. This acquisition
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DDL image processing software w as used to process the resulting M RI flow  data from 
the above. M ost o f  the tim e this data were translated into valid, clear and reasonably 
accurate velocity m aps after applying several noise and artefacts m inim ising 
techniques. As a result clear and reasonably accurate flow  patterns were produced 
from  the velocity m aps w ith a range o f  fast (e.g. few  m illim etres/sec) and slow (e.g. 
few  hundreds o f  pm /sec) velocities o f  h igh resolution images (i.e. few  hundreds o f  
pm). The higher the quality o f  the acquired data the better the produced m aps were. 
Challenges o f  system atic noise and artefacts such as m isregistration and no flow  
phase distortion N FPD  were unavoidable and was in m ost cases properly removed. 
H ow ever in some other cases it was difficult to rem ove all artefacts, so the results’ 
quality was affected hence the analysis o f  the resulting flow  patterns has also suffered 
to an extent, see results chapters 5, 6 and 7. There are evidences nevertheless, that the 
potential for the techniques im provem ent is quite prom ising, see chapter 7 and future 
w ork below.
G enerally some o f  the processed data have produced very useful and unique flow  
patterns for the first tim e and have revealed otherwise inaccessible details o f  how  a 
drop deform s and relaxes w hen it is subjected to different types o f  forces. The aim  
was to  also observe m ore curious phenom ena such as M arangoni effect. This effects 
as been stated, is a  form  o f  ‘surface tension gradients’ in liquids resulting from  
redistribution o f  surface interfacial tension w hich leads to surface liquid
1 9 /jO Q7
transform  5 ’ . It is know n that adding surfactant changes the surface interfacial 
tension profiles and increases the chance o f  M arangoni effect form ation 40,43. The 
potential for such an effect to take place in our case was m ainly in the falling drop 
experim ent during the form ation o f  the neck and in the reciprocating force experim ent 
while the surfactant concentration was at its highest values and the viscosity at its 
lowest levels. B y exam ining the data one cannot say for sure that it was definitely 
seen at either o f  these incidents.
W hen surfactant w as present, there w ere evidences that the interfacial tension at the 
necking stage w as different in  the drop liquid at the surface o f the drop’s upper 
section com pared to that at the lower section. This would, one thought, causes such a 
gradients to form and w ould have potentially  m ade the drop to rotate or spin around 
itse lf w hile falling. But m aybe the short distance it took for it to h it the bottom  and the 
relatively low difference in tension gradients relative to its size have prevented this
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from  happening. In the reciprocating force experim ent M arangoni effect could have 
been noticed w hen the dipper was piercing the drop and/or w hen it w as at its highest
position. Because the potential form ation o f  surface tension gradients was at its 
highest at those two instances. The effect w ould have caused flow  patterns that looks 
‘odd’ and out o f  place at the surface com pared to the inner observed flow  patterns. 
One m ight argue that the flow  patterns presented in chapter seven, figure (7.12) (e.g. 
particularly m ap num ber 4) present such ‘oddness’ but m ore investigations are needed 
to  confirm  that.
8.2 Future Work
In general the experim ental w ork carried out for this research has to som e extent been 
successful in quantifying and visualising flow  patterns o f  deform ed drops using a 
com bination o f hardw are and software. This new  and effective system  -as well as 
achieving the current purpose it w as designed for- has a  great potential to be 
developed technically to produce m ore accurate and reliable outcom es. For example 
in  the current software settings, the acquisition o f  the two velocity profiles maps 
w hich are norm ally com bined to construct the sought drop flow  patterns images using 
the PG SE program , takes place separately. In another word PG SE acquisition program  
is used at two separate occasions to obtain both  velocity components m aps. How ever 
it is possible to save m uch o f  the existing preparation and acquisition tim e if  
acquisition were m ade in both  directions at the same tim e sim ilar to the FLA SH  
acquisition case. A lthough this w ill increase the instantaneous acquisition duration 
tim e by a factor o f  2, this increase w ill not harm  the acquisition process or reduce the 
S/N ratio as it is relatively m uch shorter than the drops’ m echanical relaxation tim e 
(e.g. m isregistration w ill still be avoided). In the contrary this com bination process 
w ill literally save alm ost h a lf  o f  the total existing preparation and acquisition time. 
The m ost useful feature w ith this adjustm ent is that, as FLASH, acquisition needs 
only to be run once to obtain both  velocity m aps in the two required directions.
It w as also shown from  section 7.2.5 in chapter 7, that increasing the acquisition 
averages have trem endously im proved images quality by increasing the S/N ratio 2. 
Doubling the resolution did the opposite but because the num ber o f  averages w as 4 
tim es more, its influence was not so detrimental. This on one hand has increased 
acquisition tim e but on the other has im proved the analysis and interpretation o f  these 
images, w hich evidently has shed m ore light on the details o f  the deform ation process.
Such data for example w ould have better confirm ed if  w hat was seen in  the studied 
flow  patterns was actually ‘M arangoni effects’. Com bining both features (i.e. 
com bining velocity components m aps acquisition and increasing num ber o f  averages 
and resolution) described above w ill im prove on image quality to a  very  good level 
w ithout increasing -and possibly reducing- acquisition time.
In addition it is possible to im prove the interpretation o f  the acquired data by 
im proving the rem oval o f the N o Flow  Phase D istortion NFPD. The presence o f  
NFPD, as an unwanted artefact w hich build  up during data acquisition and adds a 
phase related distortion to the produced velocity profiles m aps leading to  an image 
m isinterpretation, was a m ajor factor that negatively affected image quality in alm ost 
all faulty and inaccurate cases. In some cases it was possible to rem ove it completely, 
chapter four. In other cases it was only possible to  m inim ise its effect by  prediction 
from a purposely-acquired reference flow  images o f  the PDM S drops samples. I f  for 
the purpose o f  rem oving NFPD, one replaces these reference stationary drops velocity 
m aps w ith new  velocity m aps o f  tubes full o f  PDM S instead, the above problem  will 
be, to an extend, solved. There w ill be no need for any predictions to the artefact as 
done in chapter five for example. In this case PD M S will be m apped in all areas hence 
alm ost rem oved from  all areas by subtraction, a  technique effectively used for doped 
w ater samples in  the preparatory experim ents. How ever one issue is envisaged to give 
a cause for concern here, that is, unlike water, PDM S has interfacial boundaries 
betw een the m oving drop and the surrounding domain. In one hand these boundaries 
are the reason for susceptibility artefacts and evidently cause substantial distortions 
depending on the geom etry and the strength o f  applied gradients and external field. 
On the other hand these boundaries do not exist in the stationary bulk PDM S 
background maps. Therefore we deduce that the subtractions o f  the two m aps w ill not 
elim inate the artefact completely. So the rem aining distortion m ust to be dealt w ith 
separately by m aybe m ore shim m ing and/or by  using other susceptibility rem oving 
m ethods such as these explained by A nderson e t  a l 96 .
A lternatively it was also possible to elim inate NFPD by sim ply phase encode in both 
2D directions as phase encoding is im m une to this kind o f  artefacts, but that w ould 
have increased the acquisition tim e by a factor or 32 (for 32 x32 image).
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A nother problem  that increased distortions w as the slow form ation o f  air bubbles, 
w hich physically distorted the drop and caused unw anted effects. Sim ple but effective 
preparatory m easures can be taken to im prove on this by leaving the drop in an 
ultrasonic bath overnight to get rid  o f  as m uch as possible o f  this dissolved air.
Some o f  the flow  patterns resulted from  the conducted experim ents were proven to be 
reliable and it is believed that they are adequate to be used in relevant theoretical and 
physical modelling. Also the case is certainly so regarding data from  doped water. 
The new  com bination o f  the applied deform ation and acquisition processes m eant that 
the resulting flow  patterns were unique. A lthough these where com pared w ith 
literature findings w hich were found to be relevant, direct quantitative com parison 
w ith an existing m odels were not possible due to the fact that such m odels does not 
exist. The next logical future step that stems from  this is to build m athem atical m odels 
based on the existing findings hence allow  for such comparisons to take place. This 
surely w ill highlight existing gaps in  the current knowledge and will enhance our 
intuitive understanding o f the drop deform ation process as a whole.
In conclusion this research w ork provides a  prom ising m ethod to experim entalist that 
establishes the basis for com prehensive N M R  studies o f  drop deform ation and 
m aterials rheology not ju st for PDM S but also for a selection o f  sim ilar m aterials 
chem ically responsive to NM R. A lso by rem oving the step o f  predicting flow  patterns 
from  theory, it also provides theoreticians w ith a  new  and effective source o f  vital 
inform ation that pave the w ay to build and com pare m ore sophisticated flow  patterns 
o f  deform ed drop m odels at the m acro scale. This can be based not ju s t on theoretical 
predictions but experim ental inner and outer drop/m atrix velocity m aps flow  data 
which ultim ately should enriches and advances knowledge in this area.
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I Glossary and Definitions
1.1 Polymers
The word Polymer originated from the Greek words ‘poly’ m eaning m any and ‘m er’ 
m eaning part. So polymers are m aterials made o f  one or more m acrom olecule repeat 
units. Polymer m olecules have different sizes and shapes made from m any repeating 
units called monomers, e.g. PDM S which consists o f  repeating units o f 
dim ethylsiloxane, chapter three, section 3.3.2, figure (3.9). Polymerisation is the 
process that converts m onom ers to polymers. The configuration o f  a polym er is its 
perm anent structure, which is defined by polym erisation and will be preserved until 
the polym er reacts chemically. M onom ers (during polarisation process) can link 
together in different orders o f  succession. Tacticity is the m onom er’s orderliness o f 
the succession o f configuration, figure ( a l . l ) .
Iso ta c t ic  C h a in
S y n d io ta c t ic  C h a in
Figure (a l.l)  Regular tactic chains [ -CH2-CHX-]n’ . White atom is hydrogen, light grey atom is 
carbon and dark grey circle atom (X) represents any atom other than hydrogen. (Redrawn from *). 
Isotactic chain consists of one species of configurational base units. Syndiotactic chain consists of 
alternating sequence of different configurational base units. Atactic chain (not shown here) consists 
of equal number of randomly distributed configurational base units.
Polymers have different classes. Homopolymer consists o f  only one type o f 
constitutional repeat unit. Copolymers on the other hand consists o f  two or more 
types o f  constitutional repeat unit '. Polymers also have different m olecular shapes 
and molecular architecture. Figure (a l.2 ) shows a schematic representation o f 
polymers with the m ajor m olecular architecture types. The PDM S used in this work is 
a linear homopolymer.
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L in e a r L a d d e r
S h o r t -c h a in  b ra n c h e d
Figure (al.2) Schematic representation of structures of polymers with different
molecular nrc.hiecture.
There are several types o f  forces acting w ithin a polym er w hich influence its 
m orphology and rheology 98. Israelachvili ‘loosely’ classified these forces into three 
categories. First, the purely electrostatic force, arising from  the Coulom b force 
betw een charges. Second, the polarisation forces that arise from the dipole m om ents 
induced in atoms and m olecules by  the electric fields o f  nearby charges. Third, the 
forces that are quantum  m echanical in nature and arise from  strong covalent and 
chem ical bonding at very short distances 99.
The above forces define the properties o f the polym er, but the properties o f the bulk 
are generally different to that in  the surfaces betw een the liquid and the surrounding. 
The density o f  liquids, for example, could be different in the surface o f  interface than 
it is in the inner bulk. For ‘norm al’ m olecules the depth distance betw een the surface 
and the bulk where the properties do differ are m easured in atom ic and/or m olecular 
length scales (i.e. few angstrom). H ow ever in polym ers, this distance is m any tim es 
longer, typically equal to the radius o f  gyration o f  the m olecule. M ore details can be 
found below  and in reference 93.
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1.2 Mean Molar Mass and Relative Molecular Mass
In general it is very useful to identify the m olecular weight o f  the m aterial under 
investigation. K now ing the m olecular w eight sheds light on m any m orphological and 
rheological characteristics. Generally other m olecules com pared to polym ers have a 
specific m olecular weight. H ow ever in the case o f  synthetic polym ers, as is the case in 
this research, it is difficult to identify a  specific m olecular weight, because a polym er 
consists o f  a m ixture o f  m olecules w ith  various chain lengths and m olar m asses. The 
alternative for polym ers is to find the value o f  the m ean m olar mass. The m ean m olar 
mass gives an indication about the average o f  the m olecular w eight o f  polymer. 
D ifferent techniques are used to m easure m olar m ass, result in different types o f  m ean 
values such as num ber-average m olar m ass, viscosity-average m olar mass, see 
re fe ren ce69 page 680 for details. A  useful statistical ratio called the relative m olecular 
m ass is also used to quantitatively specify the distribution o f  chain lengths in a 
polymer. It is described by the num ber-average and the weights-average and form 
w hat is descried as Polydispersity ratio \  This ratio equal to one w hen all m olecules 
in a  polym er sample have the same chain length hence the same m ass 98.
The chem ical (e.g. viscosity and m elting points) and m echanical properties (e.g. 
fracture toughness and shear m odulus) o f  polym ers show a strong m ean m olar m ass 
dependence. M ore details can be found below  and in  this reference 1.
L3 Rheology of Polymers in Molten State
I f  the kinetic energies o f  m olecules and the potential energy o f  their interactions are 
comparable then  the m aterials these m olecules form  is a liquid and these m olecules 
could m ove viscously relative to each other. Rheology is the study o f  the deform ation 
and flow  o f  matter. It is the discipline, w hich deals w ith the deform ation o f  fluid, and 
where stress-strain (strain rate in our case) relationship is expressed. Polymer melts 
have flexible chains that posses random  conform ations in the m olten state. A  polym er 
is in the m olten state at tem peratures above its glass transition tem perature. This plays 
a m ajor factor in  form ing their rheological characteristics.
Chains in m elts w ith high m ean m olar m ass, entangle together. Those w ith a  m ean 
m olar m ass low er than a certain critical m olar m ass value have sm aller chains, so they 
do not entangle. PDM S used here for exam ple have a m ean m olar m ass betw een
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28000g/mole and 35000g/mole. Its critical m olar m ass M c is 24400g/m ole so the 
sam ples’ chains do entangle. We will see below  that these chain entanglements are 
very important in determ ining the flow properties o f  the melt.
Log M
Figure (al.3) Schematic diagram of logarithm of the zero-shear-rate viscosity 
plotted versus the logarithm of the molar mass. Polymers with molar mass below 
Mc are unlikely to entangle. PDMS samples used here have a higher molecular 
mass than PDMS Mc so their chains entangle *.
1.4 Shear Modulus and Viscosity
Consider a solid block sandwiched betw een parallel plates o f area A separated by 
distance y  figure (al .4).
- A r
Figure (al.4) Liquid under shear.
I f  the top plate is m oved a distance A x  then the shear stress xs (which equals to F/A), 
over the shear strain y  equals to the Shear Modulus G:
G = — [a l.l]
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I f  the sample used is liquid then applying the force will m ake the plate m ove w ith a 
relative velocity v. In this case it is m ore convenient to use the concept o f  Viscosity to 
describe the action. Viscosity can be described using this equation:
D = -  [a 1.2]
where y is in fact the shear strain rate and it equals to v/y, figure (a l.4 ). Equation 
[a 1.2] shows that viscosity is the ratio o f  m agnitude o f  an applied shear stress to the 
velocity gradient that it produces. V iscosity can also be defined as the resistance o f  a 
m aterial to change its form  \
Figure (al.5) Viscosity as a function of 
shear rate for Newtonian, 
pseudoplastic and dilatant liquids. 
PDMS used here fall under the 
pseudoplastic category 1’3.
Shear rate (s'1)
For an ideal N ew tonian liquid an applied shear stress produces a  flow  w ith a constant 
shear strain rate in response, independent o f  the viscosity. But for non-N ew tonian 
liquid an applied shear stress produces a  flow  w ith a changing strain rate in  response, 
w hich depends on the viscous and elastic nature o f  the material. That is why such a 
response sometim es is referred to as viscoelastic response, leading to shear-thinning 
and shear-thiclcening effects. W hen shear rates are higher, liquids becom e either 
progressively less or m ore resistant to f lo w 3, figure (al.5 ).
1.5 Entanglements and Viscoelasticity
At low  shear rates, pseudoplastic liquids resist flow  due to the presence o f  num erous 
chain entanglements. At higher shear rate the m olecules are aligned along the shear 
direction. This causes a relative reduction in their entanglem ents hence reduces 
viscosity as well. Then the higher the shear rate reaches, the less the chains entangle 
and the less the viscosity becom es, figure (a l.5 ).
M elts w ith high m olar m ass such as PD M S, are called viscoelastic liquids because 
they show a rheological response in betw een the ideal N ew tonian liquid and the ideal 
H ookean solid. A t short shearing tim es, they behave like solid (Hookean) then their 
response changes as shearing tim es increase to N ew tonian liquid-lilce behaviour, 
figure (a l .6). The graph in the figure dem onstrates this concept well. V iscosity is a 
measure o f  the energy dissipated during flow  and the Creep com pliance is a  m easure 
o f  the elastically stored energy. M ore details can be found in 1 page 103.
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Figure (al.6) Schematic diagram of Creep 
compliance (reciprocal of viscosity) versus 
shear stress loading time for viscoelastic 
melts. The graph shows that the melt 
passes through several stages ranging from 
a solid like to a liquid like responses.
T im e
M olar m ass also influenced the w ay m elts respond to shear deform ation. Figure (a l .7) 
shows how  this is the case for a  typical m olten polymer. The response at short tim es is 
alm ost H ookean where the liquid behaves like glass. D eform ation affect the direct 
area where force is applied and only few  m ain-chain atom s m ay talce part. The figure 
demonstrates that in the plateau region, the m olecules start behaving like rubber as 
chains at the stage are still entangled. A fter that the sample behave like liquid w ith a 
constant viscosity, figure (a l.6 ). I f  the m olar m ass is relatively low  then the last stage 
occur earlier, figure (a l .7 ) l .
Figure (al.7) Schematic diagram of 
shear relaxation modulus as a 
function of time for molten polymers 
of different molar mass. PDMS has a 
a relatively high molecular mass so its 
response follow the high M curve \
Appendix I Glossary and Definitions
1.6 Reptation Model
The reptation m odel is currently one o f  the m ost accepted models. The m odel can be 
thought o f  as a free chain surrounded by great num ber o f  entanglem ents, which are 
obstacles. The chain can m ove in a  worm -like fashion along its ow n axis. It is 
convenient to think that a tube surrounds the chain.
W hether the above picture holds for polym er m elts is still a m atter o f  debate but there 
is experim ental evidence that reptation is the predom inant m echanism  in the highly
i nr\
entangled state 5 .
1.7 Surface and Interfacial Tension
Surface Tension is defined as the contracting force per unit length around the 
perim eter o f  a  surface i f  the surface separates two separate phases. I f  the surface 
separates two imm iscible nongaseous phases (such as the case in the prepared PDM S 
samples and the solution o f  deuterated m ethanol and deuterium  oxide in which the 
details are m entioned in chapter three) then this force per unit length is term ed 
interfacial tension. This force is present due to com plex interactions at the m olecular 
level along interfaces. A w ay from  interfaces, m olecules are surrounded by like 
m olecules from  all sides. Therefore, interm olecular force interactions result in  a  zero 
net force. How ever m olecules at interfaces interact w ith m olecules o f  the same fluid 
on only one side. Consequently, such m olecules experience a net force that puts the 
interface under tension. The ultim ate m agnitude and direction o f  this tension force is 
determ ined not only by w hat happens on either side o f  the interface, but also by the 
w ay m olecules o f  the two fluids interact w ith each other. Therefore interfacial tension 
is a property specific to the participating fluids 78.
Interfacial tension can be expressed in units o f  energy per unit surface area. For 
practical purposes surface and interfacial tension is frequently taken to reflect the
(al.8) Schematic description of the 
reptation process considering a single 
chain surrounded by numerous obstacles 
and can only move in a worm-like fashion.
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change in surface free energy per unit increase in surface area. In polym ers interfacial 
tension can be m easured using different method. Some are m entioned below.
One m ight be able to measure surface tension rather directly by putting a thin needle 
under the liquid, ju st at the surface, and pulling it out with a thread tied about the 
m iddle o f  the needle so it stays parallel to the surface o f  the liquid. The force needed 
to pull it out will be 2sd, where s is the surface tension and d is the length o f  the 
needle (For a 5 cm long needle, this amounts was found to be about 0.007 N  = 0.0021b 
= 0.03 oz using water) 10°.
For polymers, interfacial and surface tension are more practically obtainable using the 
simple drop volume m ethod described in reference .
Figure (al.9) Schematic diagram of one of the methods used to 
measure surface or interfacial tension. The figure shows a drop 
falling and detaching. Surface or interfacial tension can be 
calculated after measuring the detached drop’s volume.
Drops for this m ethod can be generated using any suitable device. These drops grow 
as long as their weight is less than their holding force on the capillary. As soon as this 
weight has reached the same m agnitude as the holding force, the drop falls and the 
volume o f  the falling drop is measured. The surface tension is then calculated from 
this volume using the equation,
CT = _gpV_ [al .3]27trfHB
W here a  is the surface or interfacial tension, g is acceleration due to gravity, p density 
o f  drop, V is the volume, r is the radius and fos is a correction factor.
The same technique and equation can be used to calculate the interfacial tension 
between a drop such as PDM S (higher density) falling in deuterated m ethanol (lower 
density) matrix. How ever for density, one uses the subtraction betw een the two
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m aterials densities values instead o f  the density p (i.e. p =  P p d m s  -  pdeuterated methanol )* 
Other techniques to m easure surface tension are described in reference
1.8 Adsorption and Surfactants
Adsorption is the build up o f  a m olecule at an interface (such as an oil/water 
interface). A dsorption generally occurs because different parts o f  a  m olecule have an 
affinity for the two different phases on either side o f  the interface. Jaycock identified 
in details the forces acting betw een the m olecules across the interface and explained 
the details o f  their interactions 97. In this research the detail o f  surfactant and other 
m aterials adsorption around prepared PD M S drops, chapter three, section 1.4, are 
discussed and explained in the light o f  the research findings, chapters five, six and 
seven.
Surfactants or surface-active agents are com pounds w hich will adsorb at an air-water 
or oil-water interface or at the surface o f  solids n . Because o f  their chains structure, 
w hich has a hydrophobic and a hydrophilic ends (figure (11.10), surfactants prefer to 
m igrate to surface or interfaeial regions. The m igration characteristics o f  these 
m olecules m ean that, over tim e they  enrich the surface interfaeial regions. This 
constantly decreases the surface/interfacial tension. A t the same tim e, few  m olecules 
m anage to leave the surface interfaeial regions. I f  the num ber o f  m olecules arriving
or
equals those leaving, then a stable surface/interfacial tension value is reached .
Figure (al.10) Schematic diagram of a typical 
surfactant molecule
H y d ro p h i le  H y d ro p h o b e
The hydrophobe (the part that avoids water) is usually the equivalent o f  an 8 to 18 
carbon hydrocarbon, and can be aliphatic, aromatic, or a m ixture o f  both. The sources 
o f  hydrophobes are norm ally natural fats and oils, petroleum  fractions, relatively short 
synthetic polym ers, or relatively high m olecular weight synthetic a lc o h o l101.
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The hydrophilic groups give the prim ary classification to surfactants, and are anionic, 
cationic and non-ionic in nature. The anionic hydrophiles are the carboxylates (soaps), 
sulphates, sulphonates and phosphates. The cationic hydrophiles are som e form  o f  an 
amine product. The non-ionic hydrophiles associate w ith w ater at the ether oxygen o f  
a polyethylene glycol chain. In each case, the hydrophilic end o f  the surfactant is 
strongly attracted to the w ater m olecules and the force o f  attraction betw een the 
hydrophobe and w ater is only slight. A s a result, the surfactant m olecules align 
them selves at the interface so that the hydrophile end enters the w ater and the 
hydrophobe is squeezed aw ay from  the water. This internal group o f  surfactant 
m olecules is referred to as a  m icelle, chapter three, section 3.3.6, figure (3.10). 
Because o f  this characteristic behaviour o f  surfactants to orient at surfaces and to form 
m icelles, all surfactants perform  certain basic functions. However, each surfactant 
excels in certain functions and has others in w hich it is deficient.
Foam ing agents, emulsifiers, and dispersants are surfactants, w hich suspend 
respectively, a gas, an im m iscible liquid, or a  solid in water or som e other liquid. 
A lthough there is sim ilarity in these functions, in practice the surfactants required to 
perform  these functions differ widely. In em ulsification, as an example, the selection 
o f  surfactant w ill depend on the m aterials to be used and the properties desired in the 
end product. A n em ulsion can be either oil droplets suspended in water, an oil in 
w ater (O/W ) emulsion, w ater suspended in a continuous oil phase, w ater in oil (W /O) 
emulsion, or a  m ixed emulsion. Selection o f  surfactants, orders o f  addition and 
relative amounts o f the two phases determ ine the class o f  em ulsion n .
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I f  a H ydrogen nucleus (1H) is placed in a m agnetic field (B) it w ill spin w ith an 
angular velocity (co) due to its spin angular m omentum , the intrinsic quantum  
m echanical param eter it posses. B oth param eters (B) and (co) are related as follows,
co = y B [a2.1]
w here
co is the angular velocity (rad/sec)
y is the gyrom agnetic ratio o f  the H ydrogen nucleus (rad/sec/tesla), and 
B is the m agnetic field  strength  applied (tesla)
I f  a  gradient (g) is applied as show n in  figure (a2.1) - while the nucleus is in position 
(y) w ithin the gradient- the nucleus w ill produce a signal w ith a  phase (dcj>) that w ill 
build up during the infinitesim al tim e (d t).
Gradient (g) during infinitesim al 
duration (d t)
Position (y)
/i
Phase ((|)) dispersion while 
gradient is on.
Figure (a2.1) Applied gradient leads to a phase shift.
The field strength at that point during this pulse equals to,
B  = g y ,  [a2.2]
w here
g is the  g rad ien t am p litu d e  (tesla /m ), and  
y  is the  n u c leu s  p o s itio n  w ith in  the  g rad ien t (m ).
B y substituting equations [a2.2] into [a2.1]
co =  y  g  y , [a2.3]
I f  (dt) is infinitesim al, the gradient (g) and the position (y) can be considered as 
constants. Therefore the phase (d(|)) resulting from  this gradient application is equal 
to,
d<f> = oo dt, [a2.4]
w h ere
d(|) P h ase (rad ) 
d t Gradient period o f  tim e (s)
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Figure (a2.2) Infinitesimal duration of gradient
D uring this infinitesim al tim e (dt) while the gradient (g) is ON, the H ydrogen nucleus 
( [H) acquires a phase ((|)). From  equations [a2.2], [a2.3] and [a2.4] this phase is equal 
to,
( H y g y d t ,  [a2.5]
N ow  assum e that two sim ilar but opposite gradient pulse is applied w ith  a  duration (r) 
seconds in betw een as shown in  figure (a2.3). The phase produced from  the first pulse 
is,
# 1  = - y g y i  dt, [a2.6]
where 
d^j is the phase resulting from the first pulse 
is the position of the nucleus during the first pulse.
Likewise, the phase produced from  the second pulse is equal to  the phase produced 
from  the first pulse but it w ill be in the opposite direction, as follows,
vOP
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Figure (a2.3) Positive and negative infinitesimal gradients duration.
d<t>2 =  Y (-g) y2 dt, [a2.7]
w here ,
d(|)2 is the  p h ase  resu ltin g  from  th e  second  p u lse  (rad) 
y 2 is th e  p o s itio n  o f  th e  nuc leu s  during  the  seco n d  p u lse  (m ).
The total phase dispersed from  the sequence is equal to,
d<|>= d<j>, +  d<t>2 =  Y g y i  A t - y g y 2 dt ,
d(j) =  y g d t ( y I - y 2), [a2.8]
I f  the H ydrogen nucleus stayed in its place during duration (t) then,
yi =  y2 
y i - y 2  =  o> [a2.9]
hence,
d<> =  y g  d t  (0 ), 
.-. d(j) = 0 , [a2.10]
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How ever i f  the nucleus m oves during the duration (r) then,
y i * y 2
y i - y 2 = v t > [a 2 .ii]
v is the  nucleus rate  o f  m ovem ent (m /sec).
Hence,
dc|)= y  g d t v  x .  [a2.12]
Equation [a2.12] is veiy  im portant because, it represents the quantitative value o f  the 
phase which, the nucleus velocity (v) can be found from.
N ow  if  a bipolar gradient is applied as show n in figure (a2.4) while an ensem ble o f
spins (Hydrogen nuclei) are w ithin the applied field, the phase (A<|>) w ill be equal to 
the integration o f  all the infinitesim al phase dispersions resulting from  the signals 
produced by the spins during these bipolar gradients. Therefore, assum ing (A t)  is 
equal to ( t ) ,  also assum ing that (G) has the same amplitude as (g), the phase in the 
first h a lf  is equal to,
(|>i =  £  y G y d t ,  [a2.13]
and the phase in the second h a lf  is equal to,
(t)2 =  f \ ( -  G ) y  d t , [a2.14]
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Therefore the total phase (4>) is,
4>=(t>i +4>2 = Yg fydt- J ydt, [a2.13]
I f  the nuclei did not m ove the solution for this integration w ill equal to zero as in 
equation [a2.10]. H ow ever if  they  do m ove the solution w ill represent their velocity as 
shown in equation [0a3.12]. So the phase w ill equal to,
(|) =  y G  v 
<|> =  y G  v x
t  / 2  +  2 t  -  x  /2
[a2.14]
W hich form s the m ain flow  equation used in this research.
I I I  Velocity Compensation Gradients
This is a m athem atical p roof that the gradient sequence solution used to compensate 
for constant velocity artefacts is fit for its purpose 2.
Consider a proton m oving a distance r  in a constant velocity V, figure (a3 .1)
I f  its Larm or Frequency is CO and the field it’s m oving in is B then, 
co(r) =  ? B ( r ) .  [a3.1]
and the phase it accum ulates as a  result is,
<l> =  J © ( l ) d t  [a3.2]
§  ~  J y B ( r ) d t .  [a3.3]
Resulting phase <|>
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Figure (a3.1) spin moving a distance r at a constant velocity v within a magnetic field B. The spin 
accumulates a phase as shown in equation [5]
B y substituting B using the rotating frame notations shown in figure (a3.1),
<)> = f - y  r.G dt [a3.4]
<l>= J - Y ( r 0 +yt).G dt. [a3.5]
For successful im aging o f  the spin m oving in a  constant velocity, the phase resulting 
from  this m ovem ent m ust be m ade constant i.e. independent o f  m ovem ent velocity,
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(j) = J- y r.G dt = constant
<j> = J -  y ( r0 + vt).G  dt = constant.
[a3.6]
[a3.7]
As a result r0 m ust be made constant and y m ust also be made constant in the above 
equations. Therefore for equation [a3.6] and [a3.7] to be true the rest o f  the integration 
for both the beginning (r0) and the end (v t )  positions m ust be made to equal zero, so,
<|> =  j G  d t = 0 
^  =  J t-G  d t =  0.
[a3.8]
[a3.9]
Equation [a3.8] represent the zeroth m om ent and equation [a3.9] represent the first 
moment. Both must be made to equal zero by adjusting the gradient G and the 
duration t. Consider the following gradient design,
Gi
▲
g 3
Areai= ? Area3=?
T0 = 0 Ti = T
- g 2
▼
Area2=?
w
x2 = 2t  t3 = 3t
time
Figure (a3.2) design for velocity compensation gradient
For the design to be successful in producing intact images, one m ust apply the 
conditions in equations [a3.8] and [a3.9] and find out the unknown areas, therefore,
Z ero th  M om ent = I* 3G z( t ) d x  = 0 »
J*o
First M om ent = f 3G  z ( t ) . t dx = 0 •
[a3.10] 
[a3 .11]
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Hence from condition [a3.10],
[Gt ];• =[G,t]J‘ +[G2t]N +[G 3t r ;  =0
[Gt]^ = [G ,x-G , x 0 ]  +  [ 2 G 2x -  G 2x] +  [3 G 3x - 2G3x] = 0
[Gt]]l = G, + G 2 + G 3 = 0.
Then from condition [a3.11],
G  . 2 , : ,  _ r G l ♦2-.X, 1 r G 2 +2 1i ,  ^ G
[a3.12]
r— t z r 3 = [ — Lt z ]l' + [ —  t ] ;2 + [ — t ]:3 = 02 ° 9 ° 2 2
[ ^ t 2] ^  = [ - ^ L x2 - % x 0 ]  + [ 4 % x 2 x2] + [ 9 ^ - x 2 - 4 ^ - x z] = 0
G
2 2
G-
2
a
9
G :
~2
G 3 _2 ■
[ L t 2] ' ;  =  G,  + 3 G 2 + 5 G 3 = 0. [a3 .13]
Assum ing G i=  G3 and t i=  x2= x3= x and [a3.12] and [a3.13] to be true. Then, 
from [a3.12] one can deduce that: 2G i+G2=0 and from [a3.13] one can deduce that 
6G i+3G2=0. Therefore 2G]=G2.
Figure (a3.3) the design which if applied will ‘velocity-compensate’ for moving spins leading to 
clearer images. It is normally applied in the slice and the read encoding directions.
If  we made, G] = G3= G, then G2=2G. This is to say that areai added to area3 must 
equal Area2 for the conditions to be true, figure (a3.3), and that is the required target.
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